Electrochemical properties and applications of conducting polymers in corrosion science by TAN CHEAK KHAN, WILLY
ELECTROCHEMICAL PROPERTIES AND
APPLICATIONS
OF CONDUCTING POLYMERS IN CORROSION
SCIENCE
TAN CHEAK KHAN, WILLY
(B.Sc. (Hons), NUS)
A THESIS SUBMITTED
FOR THE DEGREE OF DOCTOR OF PHILOSCOPY
DEPARTMENT OF MATERIALS SCIENCE





First and foremost, I would like to thank my supervisor, Dr. Daniel John Blackwood,
whose extensive knowledge, generous guidance and inexhaustible patience proved
invaluable to the successful completion of this thesis, the expansion of knowledge on this
subject, as well as improvement of my researching skills.
Secondly, I would like to extend my heartfelt appreciation to the various people in the
different laboratories for their invaluable advice on the usage of various techniques and
equipment, which contributed to this thesis. Many thanks to:
• Mr Chan, Miss Agnes Lim and Auntie Karen for their much appreciated assistance
in the Materials Science Laboratory.
• Mr Tan and his staff for their ready assistance in the Physic Workshop.
• Postgraduate students from Functional Polymer, Department of Chemistry.
My sincere appreciation to my family whose love and encouragement gave me the extra
incentives to go beyond myself. To my classmates and friends whose kind support made
things less formidable, I am most indebted. Last but not least, I would like to thanks Mr






TABLE OF CONTENTS ii
STATEMENT OF RESEARCH PROBLEM vi
SUMMARY viii
LIST OF TABLE ix
LIST OF FIGURES AND ILLUSTRATIONS  x
LIST OF SYMBOLS AND ABBREVIATIONS xiv
LIST OF PUBLICATIONS xv
1.  INTRODUCTION    1
1.1 Introduction    2
1.2 Objectives    4
2. THEORY AND LITERATURE REVIEWS    5
2.1       Mechanism of Lacy Cover Formation in Pitting   6
2.2       Structure of the Passive film   8
2.3       Thickness of Passive film   9
2.4        The Passive Electronic Barrier   9
2.5       Critical Pitting and Repassivation Potential  10
2.6       Theory of Controlled Current Methods  11
2.6.1    Applying Semi-infinite Linear Diffusion on a Planar Electrode
                   in Solution  11
2.6.2    Constant Current Method- The Sand Equation  12
      2.6.3    Applying Semi-infinite Linear Diffusion on a Planar Electrode
                   in the Case of  Corrosion  12
      2.7       Derivation of a Model for the Passivation of Metals under
             Constant Current Regime  13
2.8       What are Conducting Polymers?  17
2.8.1   Polyaniline  17
2.8.2   Polypyrrole  18
2.8.3   CORRPASSIV from the company ORMECON  19
2.9      Corrosion Protection by Organic Coatings  20
2.9.1    Primers  22
2.9.2    Driving Forces behind the Development of Conducting Polymers 
                    Coatings  22
2.10       Conducting Polymer Coatings  23
2.10.1    Conducting Polymer Coatings on Metal Substrate  24
2.10.2    Electrodepostion of Conductive Polymers  25
2.10.3    Applicability of Multilayered Polymeric coatings for corrosion
              Protection  27
2.10.4    Principle Aspects of Corrosion Protection by Conducting Polymer
                    Coatings  30
2.10.5    Formation of an active Electronic Barrier at Metal/Polymer
                    Interfaces  34
2.10.6    Proposed Mechanism for Corrosion Protection of Conducting
                    Polymer  37
2.10.6.1 Proposed Mechanism for Corrosion Protection of Polyaniline On
Table of Contents
iii
                    Carbon Steel  37
2.10.6.2 Proposed Mechanism for Corrosion Protection of Polyaniline On
              304L Stainless Steel  38
2.10.6.3 Proposed Mechanism for Corrosion Protection of Copolymer or
                    Bilayers on various Substrates  39
2.11       References  41
3. EXPERIMENTAL  44
3.1         Chemicals  45
3.2         Polarisation of Metals in various electrolytes  45
3.3         Electropolymerisation of Multilayered polymers  46
3.3.1      Mixed Coating  46
      3.3.2      Pani/ppy Coating  47
      3.3.3      Ppy/Pani Coating  47
      3.4         Galvanostatic Deposition of Emeraldine Salt and Base Coatings
        on Carbon Steel and Nd2Fe14B substrates  48
3.5         Polyaniline Coating on 304L Stainless Steel  49
3.6         Electrochemical Corrosion Testing  50
3.6.1      304L and 316 Stainless Steel  50
3.62      Carbon Steel  51
3.7         Scanning Electron Microscopy/Energy Dispersive Spectroscopy     52
3.8         Conductivity Measurements  53
3.9         Thickness and Adhesion Measurements  53
3.10       Density Measurement of Polymers  53
3.11       References  55
4. RESULTS AND DISCUSSION   56
4.            Characterisation of Metal Substrates   57
4.1          Polarisation of Carbon Steel in 1.0 M Oxalic Acid   57
4.1.1       Nature of the Carbon Steel Surface after Polarisation   58
4.2          Polarisation of 304L Stainless Steel in 0.05 M
                     Sulphuric Acid   62
      4.2.1       Nature of the 304L Stainless Steel Surface after Polarization   63
      4.3          Summary   66
      4.4          References   66
5. CHARACTERISATION OF POLYMERS 67
5.1          Morphological Examinations 68
5.1.1       Polyaniline 68
      5.1.2       Polypyrrole 71
      5.1.3       Polypyrrole/Polyaniline Layer 73
      5.1.4       Polyaniline/Polypyrrole Layer 74
      5.1.5       Mixed Polymer 76
5.2          Conductivity Measurements 76
5.3          Density of Polymers 78
5.4          Thickness of Coatings 78
      5.4.1       Polyaniline 81
      5.4.1.1    Carbon Steel 81
Table of Contents
iv
      5.4.1.2    304L Stainless Steel 81
      5.4.2       Polyaniline and Polypyrrole Mixture (Bilayer) 81
      5.4.3       Pani/Ppy Copolymer 82
      5.4.4       Ppy/Pani Copolymer 82
      5.5          References 83
6. PASSIVE FILMS 84
6.1        Carbon Steel 85
6.2        Stainless Steel 89
6.3        Summary 93
6.4        Passivation Model for Polymeric Coating Under Constant
             Current Regime 93
6.4.1     Polyaniline 93
6.4.1.1  Carbon Steel 93
6.4.1.2  Stainless Steel 96
6.4.2     Polypyrrole 98
6.4.2.1  Carbon Steel 98
6.4.2.2  Stainless Steel 100
6.5        Summary 101
6.6        References 101
7. POLYMER COATINGS ON 304L STAINLESS STEEL 102
7.1        Corrosion Protection of Polyaniline Films on Stainless Steel 103
7.1.1     Results 103
      7.1.1.1  Electrochemical Tests 103
7.1.1.2  Morphological and Electrical Examinations 110
7.1.2     Discussion 113
7.1.2.1  General Uniform Corrosion 113
7.1.2.2  Pitting Corrosion 116
7.1.3     Summary 122
7.2        Corrosion Protection of Multilayer Polyaniline and Polypyrrole
             Film on Stainless Steel 123
7.2.1     Results and Discussion 123
7.2.1.1  Electrochemical Characterisation of Coatings on 304L
             Stainless Steel. 123
7.2.1.2  Adherence of Polymer Coatings 129
7.2.1.3  Morphological Examination of Coatings 130
7.2.2     Summary 133
7.3        References 135
8.   POLYMER COATINGS ON CARBON STEEL 136
8.1        Corrosion Protection of Polyaniline Films on Carbon Steel 137
      8.1.1     Results and Discussion 137
8.1.1.2  Electrochemical Characterisation of Polyaniline Film on
             Carbon Steel. 137
8.1.1.3  Morphological Examination of Coatings 141
8.1.1.4  Electrical Properties 142
8.2        Corrosion Protection of Multilayered Polyaniline and
             Polypyrrole Films on Carbon Steel 143
8.2.1     Results and Discussion 143
Table of Contents
v
8.2.1.2  Electrochemical Characterisation of Coatings on Carbon Steel 143
8.2.1.3   Adherence of Polymer Coatings 145
8.2.1.4   Morphological Examination of Coatings 146
8.2.1.5   Summary 146
8.3         References 147
9. CONCLUSION AND FUTURE WORKS 148
Statement of Research Problem
vi
Statement of Research Problem
Corrosion is the destructive attack of a material by reaction with its environment. The
serious consequences of the corrosion process have become a problem of worldwide
significance. In addition to everyday encounters with this form of degradation,
corrosion causes plant shutdowns, wastage of valuable resources, loss or
contamination of product, reduction in efficiency, costly maintenance, and expensive
over design. It can also jeopardize safety and inhibit technological progress. Protective
coatings are probably the most widely used products for corrosion control. They are
used to provide long-term protection under a broad range of corrosive conditions,
extending from atmospheric exposure to the most demanding chemical processing
conditions. Protective coatings in themselves provide little or no structural strength, yet
they protect other materials to preserve their strength and integrity. A new class of
coating has been investigated intensively, namely conducting polymers. Conducting
polymers of various forms will be electrodeposited onto oxidisable metals and using
electrochemical and environmental means to access its applicably towards corrosion
protection. In addition to that, a proposed theoretical model would be utilised to
explain the passivation and protection phenomenon by the conducting polymer




Electrochemical polarisations supported by SEM morphological examinations have
been used to evaluate a range of electrochemically deposited single and multilayered
coatings. The coatings were formed from the conducting polymers polyaniline and
polypyrrole with substrates being 304L stainless steel and carbon steel. It was found
that emeraldine salt coatings provided superior protection compared to their base
counterparts. This was explained in terms of the more compact morphology and
higher conductivity of the former, which allows the film to act as an electronic as well
as a physical barrier. With respect to protection against pitting corrosion it appears
that conductivity is the most important parameter, whereas for general uniform
corrosion the morphological of the physical barrier seems to be dominant. For
Multilayer coatings, it was found that the degree of protection was a function of the
deposition order of the copolymer, with films consisting of a polyaniline layer over
the top of a polypyrrole layer yielding the best results. SEM observations and
adhesion measurements, along with the electrochemical data suggested that the ability
of a conducting polymer film to act as electronic and chemical barriers were more
important in providing corrosion protection than its ability to act as a physical barrier.
Hence, conducting polymers can be used as an alternative film forming corrosion
inhibitors or as in protective coatings.
To help evaluate and investigate the phenomenon of passivation on oxidisable metals
like carbon steel and 304L stainless steel, a theoretical model was proposed based
upon the galvanostatic experimental results. The following equation was determined
for the oxide growth on carbon steel prior to passivation:
Summary
viii
Jappl = Lcrit/Btp +  JL
whereby, Jappl = applied current density, Lcrit = critical thickness of oxide film
B = material constant, tp= induction time and JL = diffusion limiting current
This equation was also valid for 304L stainless steel, although for different values of
constant B. Similarly, passivation of these metals in the presence of the conducting
polymers was also described with the above equation. It was found that in the
presence of aniline, it required between 2% and 40% less charge for the passivation of
carbon steel and 304L stainless steel to occur. 
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Corrosion is the destruction of a metal (loss of metallic structure by chemical or
electrochemical reaction with its environment). The serious consequences of the
corrosion process have become a problem of worldwide significance. In addition to
everyday encounters with this form of degradation, corrosion causes plant shutdowns,
wastage of valuable resources, loss or contamination of product, reduction in
efficiency, costly maintenance, and expensive over design. It can also jeopardize safety
and inhibit technological progress.
Protective coatings are probably the most widely used products for corrosion control.
They are used to provide long-term protection under a broad range of corrosive
conditions, extending from atmospheric exposure to the most demanding chemical
processing conditions. Protective coatings in themselves provide little or no structural
strength, yet they protect other materials to preserve their strength and integrity.
Despite the great success of modern protective coatings many aspects of corrosion
protection are still of great interest in research and development. This is due to the fact
that
• Hazardous compounds such as Cr (VI) that, although guarantee excellent




• The introduction of new light metals such as magnesium with specific
corrosion behaviour require specially adopted coatings;
• Use of water-based or 100% solvent free coatings will replace solvent-based
coatings that release ozone damaging chemicals to the environment during
curing;
• Application of new curing technologies such as UV or electron beam curing
might lead to a new specific reaction at the metal/polymer interface; and
• The trend to sell pre-coated steel sheet to omit secondary corrosion protection
procedures and to reduce the costs caused by expensive paint shops raises new
demands for thin organic coatings.
The potential market for metal corrosion protection is, quite evidently, very large. In
USA, a sum of USD $138 billion was spent for corrosion protection, and this
accounted for 4 % of the GDP. Both military and commercial seagoing vessels, metal
structures in offshore environment (e.g., oil rigs), and metal components of seaside
buildings are just some examples that require protection.
A new class of coating has been investigated intensively, namely conducting polymers.
The electrodeposition of conductive polymers on oxidisable metals might be a cheap
alternative treatment since it could take advantage of the electrodeposition baths
already used in industry and could reduce the overall pollution. This process presents
several advantages. Owing to the conductive properties of the material, thick layers
can be generated in a short time and can constitute a physical barrier towards corrosive
reagents. Furthermore, as these polymers carry polar groups or can be doped with
Chapter 1: Introduction
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specific anions, they may act as inhibitors and shift the potential of the coated material
to a value where the rate of corrosion of the underlying metal is reduced. In order to be
competitive, these conducting polymer coatings should have properties that are the
same or better than paint coatings. They should ensure good adhesion of any
subsequent paint layers and improve the corrosion resistance of the painted metal.
Furthermore, to minimise environment impact the coating must be realised in an
aqueous electrochemical bath.
Section 1.2 Objective
Conducting polymers of various forms will be electrodeposited onto oxidisable metals
and electrochemical and environmental means will be used to access their applicably
for corrosion protection. In addition to that, a proposed theoretical model will be
utilised to explain the passivation and protection phenomenon by the conducting
polymer coatings.
Chapter 2: Theory and Literature Reviews
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Theory and Literature Review
The basic theory of corrosion has been well covered in many text books, such as that
by Shie et al[1]. Therefore only parts that are central to the work in this thesis will be
presented here.
Section 2.1 Mechanism of Lacy Cover Formation in Pitting
Since 1960, it has frequently been mentioned that pits in stainless steel tend to grow
under the metal surface, leaving a porous metallic cover [1]. More recently, “bottle-
shaped” or “flask-shaped” pitting has often been cited, usually in weld metal or in the
context of microbially influenced corrosion (MIC) [2]. Covered pits are dangerous in
practice because they are stable against the loss of their internal environment by
diffusion or convection, especially if there is precipitated material over the mouth of
the pit. Ernst et al. [3] proposed the lacy cover formation on pitting based on critical
cation concentration for pitting rather than an IR drop argument as proposed for nickel
by Wang et al. [4].
The background is as follows:
1 Early pit growth occurs in a hemispherical mode with the pit contents
protected by perforated remnants of the passive film [6,5].
2 When the pit reaches a critical size, the pit cover is destroyed, resulting in
an open hemispherical cavity [6,5].
3 An open hemispherical pit cavity is an unstable shape, even if passivation is
not an issue. As shown by Harb and Alkire [6], hemispherical pits growing
under anodic diffusion control become saucer-shaped. That is, the parts of
the pit surface that are nearer the bulk solution have a shorter diffusion
Chapter 2: Theory and Literature Review
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length. For the same reason, if the current density over the pit surface is
constant, the interfacial cation concentration is lower near the edges of the
pit than at the bottom. This means the pit spread laterally and penetration
rates are low.
Figure 1: Proposed mechanism for lacy cover formation. Passive surfaces are
indicated by thick lines and lacy cover by dotted lines [3].
The proposed mechanism for formation of the lacy cover is shown in Figure 1.  The
initially hemispherical cavity passivates near the mouth where concentration < critical
concentration, C*. Further dissolution undercuts the passivated material and emerges
at the surface. Following this emergence, ions diffuse out of the hole thus created, and
the material around the hole passivates (this takes finite time, during which the hole
continues to grow for a short while). The process then repeats itself. The spacing of the
porosity in the lacy cover (w) is determined by the pit depth (h) and by the ratio
C*/Csat (R). High values of R allow more of the pit wall to passivate and increase the
w, encouraging the formation of a strong and protective pit cover.
Chapter 2: Theory and Literature Review
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Section 2.2 Structure of the passive film
To describe the structure of passive film on iron: A model, called “the crystalline oxide
model” was proposed in the 1960’s [7]. The passive film is considered to be either a
duplex layer[7], consisting of an inner layer of Fe3O4 and an outer layer of γ-Fe2O3, or
almost exclusively γ-Fe2O3, with a concentration gradient of Fe2+ at the iron/passive
film interface, sufficient to fulfill the thermodynamic requirement for an Fe3+ oxide
phase being in contact with an Fe metal phase, without the formation of a distinct
intermediate phase containing Fe2+. The essential point in the crystalline oxide model
is the near-perfect crystalline oxide structure formed, not only in two dimensions
parallel to the metal surface, but also in the third dimension perpendicular to the metal
surface.
However, spectroscopic investigations showed that in-situ passive films do not consist
of any of these stoichiometric, crystalline oxides including γ-Fe2O3, Fe3O4 and
Fe2O3.H2O. All of the Mossbaur parameters match those of amorphous iron(III)
oxides, iron containing polymers and bi-nuclear iron compounds containing di-oxo and
di-hydroxi bridging bonds between the iron atoms. The film is not highly structured
but is amorphous and polymeric in nature [8].
Recently, Olsson and Landolt.[9] have conducted a review on passive film on stainless
steel.  They  found  that insitu surface methods are highly used for example:X-ray
adsorption near edge structure(XANES) to investigate the real time information on the
film chemistry and growth on stainless steel. They found that passive film growth
occurs in seconds or minutes, whereas long range film ordering would take a longer
time to occur( up to hours). In their studies, they realised that passive film on stainless
Chapter 2: Theory and Literature Review
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steel changes with environment. The film can grow or dissolve, and also adsorb anions
during the exposure to the varying environment. Environmental factors such as
potential, anions, pH  and temperature will affect the passive film. Olsson and Landolt
found that in acidic solution, polarisation of stainless steel in the passive potential
region will result in selective dissolution of iron, leaving chromium in the passive film.
Whereas in basic solution, the solubility of chromium increases, as a result, a higher
fraction of iron will be present in the passive film.
Section 2.3 Thickness of Passive film
The thickness of passive film has been measured using ellipsometry and by scratch
test. The thickness is dependent on both the applied anodic potential and the pH of the
solution. The passive barrier film on iron in acid solution at pH 4 possesses a thickness
of 2 nm [10, 11]. In basic condition,the thickness of the passive film in stainless steel
can grow up 6.5 nm at pH 13, whereas in acidic condition, the thickness of the passive
film is in the range of 1 to 2 nm at pH 1 [9].
Section 2.4 Passive Electronic Barrier[7]
The ability of an oxide layer to prevent corrosion depends on it electrical resistivity.
The higher is the electrical resistance of the oxide layer, the more effective it will be in
preventing electron transfer. Generally, the current flow resulting from oxidation of a
metal surface will depend on the resistance of the oxide layer. The higher the
resistance, the better the protection will be. This type of protection can be viewed as a
passive electronic barrier at the metal surface.
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Section 2.5 Critical Pitting Potential, Ep and Repassivation Potential, ER
The critical pitting potential or breakdown potential, Ep, is the most negative potential
for the initiation of pits. It can also be considered as the potential at which the
protective film breaks down locally and active corrosion occurs. The E vs. log I
diagram (Figure 2) shows the Ep within the passive region. Pitting can occur if the
redox potential of the solution is above the potentiostatically determined critical pitting
potential provided the environment is aggressive enough.
Not only does Ep of a given metal vary with the nature of the solution and the
surrounding environment, but it also varies with the method used for its determination
and duration of the test. A more precise parameter is the repassivation potential, ER. A
sudden increase in current occurs, signifying pit initiation. After attaining Ep, the
potential sweep is reversed. Active pitting will continue (and a large current will flow)
until some new potential is reached and pitting is arrested. This is the repassivation
potential ER (as depicted in Figure 2).

















Figure 2: A typical cyclic voltammetry data, Depicting Critical Pitting Potential, Ep
(Position G) and Repassivation Potential, ER (Position I) (Adapted from [12]).
Section 2.6 Theory of Controlled Current Methods
Section 2.6.1 Applying Semi-infinite Linear Diffusion on a Planar Electrode in
Solution [13]
The derivation for the solution for the planar electrode can be found in the reference
[13]. (Please refer to the  “List Of Symbols And Abbreviations” section at the
beginning of this thesis for the abbreviations used in the solution). Below are the
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Section 2.6.2 Constant Current Method- The Sand Equation (For full derivation
please refer to [14])
Using the solution equation 2.1 and 2.2 and with the following conditions:
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by manipulating the above results, the Sand equation[14] can be derived under the
following condition:
















−=π=τ   (2.5)
This equation 2.5 is known as the Sand Equation [14].
Section 2.6.3 Applying Semi-infinite Linear Diffusion on a Planar Electrode in the
Case of Corrosion
For the case of corrosion we can use the same assumptions as before in section 2.6.1,
but with a different set of boundary conditions, that is now, C∞ = 0 and as C0 increases
with time and at some point, the Co will reach Csat*. By using the same approach, as in
sections 2.6.1 and 2.6.2, we again should end up with a form of the Sand equation
except that it is now involves the saturated concentration.
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Section 2.7 Derivation of a Model for the Passivation of Metals under Constant
Current Regime
Using the Sand equation 2.6 as derived previously in the introduction (section 2.6.3),
where Csat* is the saturated concentration of the solution and τ is the transition
time/time to onset to reach critical saturation concentration (Csat*) at the electrode
surface. Let us assume oxide starts to form when CFe2+  = Csat*, but passivation is not
completed until the thickness of the oxide reaches a critical value Lcrit.
Rearrange the equation
 n   is    the number of electrons consumed and J is the current density (i/A). Once Csat*
is reached the current is used to grow the film (assuming that the potential remains
fairly constant so that capacitance charging is minimal), the growth rate can be
depicted as follows:
Thickness growth rate =  ρnF
JM
 = B J  and B is a constant for the system defined by
ρnF
M
Where M = atomic weight of metal, n=no of electrons transferred, F = Faraday
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Sand equation describes competition between production of ions by dissolution and
diffusion of ions to bulk solution. Therefore τ describes the moment when Csat* is
reached and film growth starts; thereafter the potential rises rapidly as the main
reaction switches to oxygen evolution (this is when electronic conduction becomes
easier than ionic conduction). This will be taken to represent full passivation of the
metal and the time to achieve this is the induction time (tp).
This critical thickness can be evaluated by integrating the growth rate from τ to tp.
Lcrit , ∫τ= tp dT.JBThickness
Lcrit = JB(tp -τ)
Lcrit/JB = tp - τ      ,
Rearrange the equation as shown below:
⇒ tp = Lcrit/JB + τ,                                            (2.8)
Thereafter, replace τ with equation 2.7, the equation will be transformed as showed
below:






Multiply this equation throughout with J, the equation will be transformed as follows:




LJtp crit += (2.9)
Equation 2.9 depicts that a plot of the product of current applied with induction time
against the reciprocal of current applied shall be linear.
However, in practice, during the growth of the oxide film, metals ions will be diffusing
away into the bulk, causing the oxide to dissolve slightly to maintain equilibrium.
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The net result is that the rate of film growth (dLf/dt) is given by:
(dLf/dt) = B(Jappl - JL)
where B is the same constant as before (relating  to density, atomic weight   and
Faraday’s Law), Jappl is the applied current and JL is the diffusion limiting current
(assuming linear diffusion) and a bulk concentration of diffusion species at zero, which
comes from Fick’s first law:
JL = nFDCsat*/δ
where D and Csat* are the diffusion coefficient and the critical saturation stagnant
concentration of the metal ion and δ is the diffusion layer thickness (but for stagnant
solution is about 10-2 cm).
With the addition of JL into equation 2.8 as it is the equation governing the thickness
film growth, it will be transformed as follows:
tp = Lcrit/(Jappl –JL) B + τ,
 and then replace τ with equation 2.7, the equation will then finally transformed as
shown below:













where P is the constant from equation 2.7 (related to τ the time to onset to reach
critical saturation concentration at the electrodes surface) and Lcrit is the critical film
thickness for passivation
By analysing the equation 2.12, two limits can be imposed. The first limit is when
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tp (Jappl) = (Lcrit / B)  + (P / Jappl)            (2.13)
when Jappl >> JL does not apply a plot of tp(Jappl) vs. (1/Jappl) starts to curve
downwards and the full equation 2.12 is required. Note that if Jappl < JL, passivation
will never occur. On the other hand, when Jappl > JL passivation occurs.
The second limit occurs when (Lcrit / B) >> [P (Jappl – JL)/ (Jappl)2]; then equation 2.12
will become:
tp(Jappl – JL) = (Lcrit / B)  = constant      (2.14)
In this case, a plot of tp(Jappl) vs. (1/Jappl) has a negative slope. However, a plot of Jappl
vs. 1/ tp should be linear and yield JL as the intercept, which can be used with equation
2.14 to obtain the critical film thickness Lcrit.
At a large applied current such that Jappl >> JL, equation 2.14 also predicts tp(Jappl) to be
virtually a constant. However, as Jappl tends to JL, equation 2.14 also shows that tp must
tend to infinity and the product tpJappl begins to decrease.
From equation 2.14,                     Jappl = Lcrit/Btp + JL      (2.15)
a plot of Jappl vs. 1/tp should generate a slope of Lcrit/B and an intercept of  JL.
The requirement for this second limiting case that is
(Lcrit / B) >> [P (Jappl – JL)/ (Jappl)2]
applies when either
1) Lcrit is large
2) P is small, that would indirectly mean Csat* is small (growth of film dominates
over the initiation of film)
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The constant B varies from materials to materials as their density changes. In reality, if
the potential changes significantly during the oxide growth phase JL will not contain a
component due to capacitance, C, charging but the measured or applied current may be
affected.
Section 2.8 What are Conducting Polymers?
Polymer systems with special properties are a field of increasing scientific and
technical interest to most polymer and synthetic organic chemists. One kind is
polyaniline (PANI) whose synthesis does not require any special equipment. However,
it must still be treated with some caution as any other organic reagents as the
intermediates were known to be toxic. Polyaniline is the oxidative polymeric product
of aniline under acidic conditions, and has been known as aniline black [15] since
1862. Polyaniline is classified as conducting polymers. Conducting polymers are able
to conduct electricity sometimes as good as copper [16] and posses a wide range of
electrical and magnetic properties. These polymers are currently being developed for
practical applications, such as electrolytic capacitors [17], rechargeable batteries [18],
“smart windows”[19], enzyme biosensors [20] and a host of lithographic applications
[21].
Section 2.8.1 Polyaniline
Polyaniline is a typical phenylene-based polymer having a chemical flexible –NH-
group in a polymer chain flanked either side by a phenylene ring. The protonation and
depronation, long with various other physico-chemical properties, of polyaniline are
believed to be due to the presence of the –NH- group.
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Below depicts the basic structure of polyaniline.
x 4-x Name
4 0 leucoemeraldine (fully reduced)
2 2 emeraldine base
0 4 pernigraniline (fully oxidized)
 Figure 3a: Structure of Polyaniline.
Among all conducting polymers polyaniline has special representation due to:
(1) Easy synthesis;
(2) Environmental stability;
(3) Simple non-redox doping by protonic acid or electrochemically.
Non-redox doping by protonic acids, in which the number of electrons in the polymer
chain remains unchanged, involves protonating all heteroatoms in polymer, namely
nitrogen.
This protonated form is electronically conducting, and the magnitude of the increase in
its conductivity is a function of the level of protonation, as well as chemical
functionalities present in the dopant. The functional group present in the doping acid,
its structure and orientation play an important role in the stabilising of the conducting
form of polyaniline[22].
Section 2.8.2 Polypyrrole
Polypyrrole (see figure 3b below for structure) is an inherently conductive polymer
due to interchain hopping of electrons. Polypyrrole was chosen for study because it is
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characteristics can easily be modified by changing the dopant anion (X-), in this study
oxalate ion was used, that is incorporated into the material during synthesis.
Figure 3b: Structure of polypyrrole.
Section 2.8.3 CORRPASSIV from the company ORMECON [23]
There are products available in the market consisting of polyaniline meant for
corrosion protection. CORRPASSIV is one of the commercial products from
ORMECON utilizing polyaniline as the key material for corrosion protection on
metals. On application of the CORRPASSIV onto metal surface, a dual protective
mechanism starts to take effect. As a result of its noble-metal properties, the coating
ennobles the surface of conventional metals such as iron, steel, aluminium or zinc.
It shifts the corrosion potential in a more noble direction by up to 800 mV, which
provides some degree of anodic protect (advantageous against general corrosion but
not so against localised pitting corrosion). In parallel with this, a complex series of
reactions take place at the boundary layer between coating and metal, resulting in
the formation of a defined, homogeneous, thin, but dense layer of metallic oxide
(Fe2O3 on iron or steel).
This kind of self-protecting mechanism has hitherto been known only in aluminium,
which protects itself against corrosion by forming a layer of Al2O3 on the surface.
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Since this metallic oxide layer exhibits a largely passive behaviour in relation to
corrosive media and forms a chemical and physical barrier that is highly resistant to
attack, it is known as a passive layer. In this reaction to create the oxide on the
surface of the metal, the coating acts as a catalyst, in other words it is not depleted,
thereby ensuring its almost unlimited availability for creating or repairing the
passive layer. This behaviour pays dividends if the coating is damaged. If the
damage site is less than 2 mm across, the coating can even extend the mechanism of
ennobling and passivating into the damaged site to mediate the restoration of the
passive layer-“self-healing”. Thus it is effectively protected against corrosion
attack. The combination of the two protective principles, ennoblement and
passivation of metal surfaces, results in a massive reduction in the speed at which
corrosion takes place. As a result, metals become more resistant to corrosion by a
factor of between 5 and 10, and in laboratory tests by as much as 10000 times as
claimed by ORMECON [23]. The above commercial product utilized chemical
synthesized polyaniline in dispersion form, and in addition to that a complete
coating system including primers and topcoats has to be applied too. In this present
work, conducting polymers of various forms will be electrodeposited onto
oxidisable metals in aqueous medium and then their applicably towards corrosion
protection without additional coatings (i.e. no primer or topcoat) will be assessed.
Section 2.9 Corrosion Protection by Organic Coating
Covering reactive metals’ surface with organic coatings is one of the ways to prevent
them from corroding. With great advancement of modern coating, corrosion protection
for steel is still of great interest in research and development. The reasons are stated in
Section 1.1. Corrosion protection properties of organic coating are often result more
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from the maintenance of adhesion to the substrate imposed by the environment. Most
organic coatings used for corrosion protection, the diffusion rate of H2O and O2 far
exceeds the diffusion-limited value of oxygen reduction [24, 25, 26, 27].  Organic
coatings can provide corrosion protection by the following ways:
• Barrier for ions leading to an extended diffusive double layer because of low
solubility of ions
• Adhesion of the coating
• Blocking of ionic paths of the local anode and cathode along the metal/polymer
interface
• As a vehicle of corrosion active pigments and inhibitors that are released in the
case of coating damage.
It has been investigated by Grundmeier [28] that in the presence of organic coating
(like a polymer) on metals, the shape and size of the electrical double layer would be
modified creating an extended diffuse double layer at the metal/polymer interface as
compared to the metal surface without organic coating.  In addition the presence of an
extended diffuse layer creates a potential drop across the double layer of about 104V
/cm, 1000 times less than the metal surface without organic coating. This results in the
inhibition of metal dissolution for the coated metal.
Corrosion will still be possible for the organic-coated metal, as long as water
molecules, ions and oxygen can reach the interface. Corrosion will accelerate if there
are local defects within or on the coating. Subsequently, corrosion will begin along the
coating/metal interface. The mechanisms are normally determined by the metal
substrate or its coatings. For example in the case of iron, the predominant corrosion
mechanisms are the cathodic delamination and filiform corrosion. In this work, the
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above ideas will be useful in the analysis of the conducting polymers on the reactive
metals since the presence of conducting polymers will also affect the electrical double
layer at the metals surface There is another advantage of using conducting polymers,
formation of an active electronic barrier at the metal and conducting polymer interface
which will be discussed in section 2.10.4.
Section 2.9.1 Primers
Primers are applied to a substrate prior to application of paint, adhesive or sealant.
Typically, primers contain rust-inhibitive pigments like zinc dust and zinc chromate.
The reasons why primers are used include:
• Seal the surface to provide a bond between the metal and the topcoat therefore,
providing a better result.
• To provide some inhibition to corrosion.
• Adjust the free surface energy by making a surface more easily wettable.
• Protection of the surfaces after treatment.
• Provide some degree of cathodic protection.
Normally the application of primer is an additional step in the painting system or
bonding system, and it normally comes with associated costs and quality control
requirement
Section 2.9.2 Driving Forces behind the Development of Conducting Polymer
Coatings
The development drivers for alternative anti-corrosion coatings are:
a) The issue of cracks and in holes, as well as slow corrodant diffusion to the
metal surface
b) Environmental issue, such as the unacceptability of chromates
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c) Cost
d) Practicality on application of the coating in terms of handling and storage.
Section 2.10 Conducting Polymer Coatings
Industrial treatment of carbon steel or other oxidizable metals before painting uses
conversion steps, such as phosphatizing and chromatizing that improve the corrosion
resistance of the substrates. In the automobile industry, for instance, the painted metals
resist corrosion for a period that exceeds the car’s lifetime. Unfortunately, some of
these conversion treatments have a strong environment impact, and international
antipollution regulations may restrict their use in the near future. The electrodeposition
of conductive polymers on oxidizable metals might be a cheap alternative treatment
since it could take advantage of the electrodeposition baths already used in industry
and could reduce the overall pollution. This process presents several advantages.
Owing to the conductive properties of the material, thick layers can be generated in a
short time and can constitute a physical barrier towards corrosive reagents.
Furthermore, as these polymers carry polar groups or can be doped with specific
anions, they may act as inhibitors and shift the potential of the coated material to a
value where the rate of corrosion of the underlying metal is reduced. In order to be
competitive, these conducting polymer coatings should have properties that are the
same or better than the phosphate or chromate layers. They should ensure good
adhesion of the subsequent paint layers and improve the corrosion resistance of the
painted metal. Furthermore, to minimise environment impact the coating must be
realised in an aqueous electrochemical bath.
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Section 2.10.1 Conducting Polymer Coatings on Metal Substrates
Polyaniline has been widely used in many applications due to its environment stability,
redox recyclibility and ease at which it can be synthesised. Recent studies have shown
possible application of polyaniline coating for prevention of corrosion. Lu et al. [29]
have addressed the accomplishment of polyaniline coating for corrosion protection of
mild steel.
Albeit polyaniline was first formulated more than a century ago, it has only received
significant attention during the past two decades. This is because of the discovery of its
ability to conduct electricity. Polyaniline belongs to a class of polymers called
conductive polymers. Not all states of polyaniline are conductive, only those states
achieved through doping by chemical or electrochemical means. Conductive polymers
contain extended π conjugated structure along the polymer chains and conduction is
achieved via the movement of charges along the segment of the π conjugated system
or the hopping of charges from one chain to another [30, 31].
Besides polyaniline, polypyrrole is also amongst the most promising candidates for
film forming corrosion inhibitors or in protective coatings [32-34]. It has already been
shown that conducting polymers confer additional protection to carbon steel over and
above that provided by insulating polymers such as polystyrene and epoxy [35]. It has
been proposed that this additional corrosion protection arises in a similar manner to
that described by Jains et al. for semiconductor -insulator combination films [36]. It is
the existence of a built-in electronic barrier at the metal / polymer interface that
impedes the transfer of charge between the metal and oxidising species. This is in
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contrast to the physical barrier provided by convention paint coatings. Furthermore,
since conducting polymers can be reversibly doped with chloride ions, these have the
potential to provide protection against pitting corrosion by acting as chemical diffusion
barriers.
Section 2.10.2  Electrodeposition of Conductive Polymers
Although there have been a number of works on the aqueous electrodeposition of
conductive polymers on passive metals like stainless steel, titanium, nickel and
aluminium [for example 37, 38, 39, 40, 41,42], deposition on active metal, e.g., iron,
mild steel or zinc has been less well investigated [43,44,45,46,47] in spite of their
technological importance.
The electrodeposition of conducting polymers on oxidizable metals is indeed not easy
since thermodynamic data predict that the metal will dissolve before the
electropolymerisation potential of the monomer is reached (800 mV to 1000 mV vs
SCE). Thus, to achieve the deposition of a conducting polymer on iron (or other
oxidisable metals), it is necessary to find electrochemical conditions that lead to a
partial passivation of the metal and decrease its dissolution rate without preventing
electropolymerisation [48].
J.L Camalet [49] has shown that electropolymerisation of aniline on mild steel and iron
can be carried out in aqueous oxalic acid media. These conditions lead to passivation
of the electrode by precipitation of a thin iron oxalate layer, which strongly inhibits
metal dissolution without preventing other electrochemical processes. This property
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was used by Mengoli and Musiani [50] for the electropolymerisation of phenols on
steel in aqueous methanol and also by Beck et al. [43,44] for the deposition of adherent
polypyrrole films on mild steel by the oxidation of pyrrole in aqueous medium with
oxalic acid and sodium oxalate as electrolytes. Another advantage of oxalic acid is its
moderately high acidity, which favours the electropolymerisation of aniline.
To understand the passivation of iron by oxalic acid, a detailed study on the variation
of current density, j, on the potential vs. time, τ, curve is needed. Beck et al. [43,44]
has found that there are two effects on the chronopotentiogram.  One is the decrease of
the length of the induction period with increasing current densities. Thus an
accumulation of the Fe (II) oxalate must proceed up to the limit of solubility until
precipitation of a salt layer occurs. The solubility of the salt is relatively high;
therefore, long induction periods occur. The product of j.τ was found to be roughly
constant. This nucleation for the formation of the Fe (II) oxalate interlayer seems to be
the rate-determining step. The second effect was a positive shift of the potential of the
plateau with increasing current density (refer to Figure 4). This shift was even more
pronounced with platinum and from this Beck et al. concluded that there is a mixed
potential determining mechanism, governed by the polypyrrole formation as well as by
the further dissolution of the iron.
Based on the result by Beck et al [43,44], Camalet [47] managed to establish the same
relationship for the deposition of polyaniline.
j. Tp = Qp = constant
where Tp is the time at which the substrate dissolves anodically at a specific applied
current density and Qp the constant charge that passes through the electrode before the
increase of potential.
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Figure 4: Potential time curves for the galvanostatic electrodeposition of polypyrrole
oxalate on iron from 0.1 M oxalic acid and 0.1 M pyrrole. Current densities (1) j =
5mA cm-2; (2) j = 2 mA cm-2; and (3) j = 1 mA cm-2. The ordinate is valid only for
curve 1. Each of the following curve is shifted by 0.2 V and +0.5 min, respectively.
Adapted from [44]
Camalet found that when the electrode was polarised in 0.3 M oxalic acid, the above
relationship was still valid. In the presence of the monomer (aniline), the result was
quite different, with a higher Qp.
Below depicts Camalet’s results:
Qp = 325 mC cm2   with no aniline in the solution
Qp = 275 mC cm2   with aniline in the solution
Thus, the addition of the monomer leads to an easier passivation process of the
substrate. Camalet et al [47] proposed that galvanostatic deposition of polyaniline from
aqueous oxalic acid proceeds in two stages, implying first the dissolution and the
progressive passivation of the substrate and then deposition of a polyaniline film.
Section 2.10.3 Applicability of Multilayered Polymeric Coatings for Corrosion
Protection
There has been recently interest on the possible use of conducting polymers either film
forming corrosion inhibitors [51] or in protective coatings [52]. Of the conducting
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polymers the polyaniline(PANI) family have been the most widely studied, due to their
environment stability and ease of synthesis [34,53, 54,55]. Although Sathiyanarayanan
et al.[56] have shown that ortho-methoxy substituted Pani can be used as inhibitors for
steel in acidic chloride solutions, with a > 88% efficiency claimed at the 25 ppm level,
the majority of work has been on Pani coatings.
DeBerry [37] reported in 1985 that Pani is able to reduce corrosion rate of stainless
steel in sulphuric acid by a method akin to anodic protection, proposing that the
conducting polymer stabilised the passive oxide film against dissolution. Sekine et
al.[57] and Troch-Nagels et al.[42] found that Pani coatings electrochemically
deposited from sulphuric or nitric acids were not able to protect steel from corrosion.
However, Camalet et al.[47]found that in oxalic acid, the formation of a passive Fe (II)
oxalate layer resulted in strongly adherent Pani films, which provided good protection
to steel in acidic chloride solutions. In this case, it is believed to be the strongly
adhered Pani films, which protects rather than the porous passive iron oxalate layer
[47]. Very recently Bernard et al. [58] also showed that Pani deposited from metanilate
acid yielded a superior copolymer coating due to the incorporation of metanilate into
the polymeric backbone. In 1996 Ahmad and MacDiarmid [72] found that chemically
deposited emeraldine base was able to protect stainless steel in acidic chloride
environments and Santos et al [59] later showed that similar chemical films were also
able to protect carbon steel in 3 % NaCl.
There have also been many demonstrations of the use of Pani as a primer, which when
combined with an epoxy or polyurethane topcoat apparently gives good corrosion
protection as compared to the topcoat alone [60, 61, 62, 63]. However, unfortunately in
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the few reports where a Pani/topcoat were compared to a traditional primer/topcoat
combination it performed rather poorly [64,65].
In comparisons between the conducting emeraldine salt and non-conducting
emeraldine base forms of Pani the majority of reports show that in NaCl solutions it is
non-conducting form that provides the best protection [66,67,51], with it apparently
being better than polyvinyl chloride coatings [68]. On the other hand in HCl it appears
that the conducting form provides the better protection [63], with the undoped non-
conducting form having poor adhesion [65]. However, in either case it appears that the
protection mechanism is still related to the conjugation responsible for the special
electronic properties of conducting polymers, as similar non-conjugated polymers do
not provide the same degree of protection [53].
Polymers based on polypyrrole (Ppy) have also been investigated for their suitability to
provide corrosion protection [52,66]. The main disadvantage of Ppy is that it usually
has to be deposited from non-aqueous solutions. The conclusion drawn from
comparisons between the corrosion resistance properties of two types of polymers
depend strongly on the nature of the acid from which the Pani is deposited. On the one
hand Troch-Nagels et al [42] found that Pani deposited from nitric acid was inferior to
Ppy, whilst on the other hand Camalet et al [47] found that Pani deposited on steel
from oxalic acid was superior to Ppy
Despite the successes claimed to date for conducting polymer coatings these are still
along way short of replacing traditional coatings systems [64,65]. There are also
problems associated with the dispersion of Pani[69]. Another major drawbacks that
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limit availability of conductive polymers is the limited number of conjugated π- bond
containing monomers that are essential for electrical conductivity. However, one
possible way to overcome this is to synthesise combinations of polymers, for example
as copolymers (two monomers polymerised simultaneously), bilayers (one polymer on
top of another) or composites (polymer reinforced with a second material, not
necessarily a second polymer)[70]. Sekine et al[71] having shown that double-
electropolymer films based on 2-vinylpyridine and acrolein provide superior protection
to steels compared to single polymers.
Section 2.10.4 Principle Aspects of Corrosion Protection by Conducting Polymer
Coatings
From the basic understanding of metal corrosion, it should be apparent that it is
primarily an oxidative process, involving loss of electrons from the metal to an
oxidizing species in the environment. Thus, the fundamental nature of corrosion is
electrochemical. It is this fundamental electrochemical, electronic nature of corrosion
that CP (conducting polymer) coatings address.
Two theoretical views have emerged of the action of conducting polymer anti-
corrosion coatings; however, these are in fact both different representations of the
same picture (most of the studies used are doped (oxidised) form of p-type conducting
polymers).
The simpler version of the protection mechanism that was addressed by Ahmad and
MacDiarmid [72] stated that the conducting polymer simply acts as an in-situ oxidant
or “anodic protectant” .He suggested that the conducting polymer oxidises the surface
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of the metal that it is in contact with, thereby also getting reduced itself. In some cases,
re-oxidation of the CP by ambient air is said to “rejuvenate” the conducting polymer
for further corrosion protection. It is quite evident that such a hypothesis requires that
the redox, or open circuit (equilibrium), potential of the conducting polymer in the
corrosive environment where protection is sought should match the Fermi level of the
metal surface under equilibrium condition. This hypothesis is simple but it is
sometimes not rigorous enough to account for anomalies such as the observation that
good corrosion protection is provided even by the reduced (de-doped) conducting
polymer [72], or in cases where there is a conducting polymer-metal mismatch in
terms of simple redox potentials. In actual fact, the term “anodic protectant” means
that the material enhances passivation of the substrate. This is a kinetic phenomenon
and not determined by thermodynamic equilibrium potentials as what MacDiarmid has
proposed.
A more theoretical approach was proposed by Jain et al. [36] who studied
metal/semiconductor (M/SC) interfaces, using primarily inorganic SCs such as In-Sn
oxides (ITO) and SiO2-ITO. Their principles are, however, equally applicable when
conducting polymers, which are after all semiconductor polymers and serve as the SC
side of the interface. This type of protection can be viewed as an electronic barrier at
the metal surface rather than a simple physical barrier. The conditions attained at the
metal surface at such an interface host a built-in electric field, resulting from the
interfacial, positive dipole space charge layers. This creates a force (F = -eE, Figures 5
and 6), that opposes electron transfer from metal to oxidising species in the external
environment (such as O2), providing an electronic, rather than physical or chemical,
barrier to corrosion. A bending of the SC bands occurs at the M/SC interface (refer to
Chapter 2: Theory and Literature Review
32
next section 2.10.5).  The electric field is similar to an actively applied electric field,
like that used in cathodic protection of metals from corrosion, but with the distinction
that it is passive or intrinsic. The novel and clear advantage of this effect is that an
electronic basis for corrosion protection is provided, which is less susceptible to
problems such as diffusion of oxidative species through the coating to the metal than
the physical or chemical barrier. Thus SC or conducting polymer coatings address the
issue of corrosion protection from its very fundamental, electrochemical/electronic
basis.
Furthermore, since conducting polymers can be reversibly doped with chloride, these
have the potential to provide protection against pitting corrosion by acting as a
chemical diffusion barrier. Typically, for non-conducting polyaniline, emeraldine base,
its protection against corrosion is by absorbing Cl- or other aggressive ions onto its
polymer backbone [72].
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Figure 5: Electrons transfer during oxidation and F is the force opposing the electron
transfer from metal to oxidising species in the external environment.
Figure 6: Built in electric field at the M/SC interface, resulted from the interfacial,
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Section 2.10.5 Formation of an Active Electronic Barrier at Metal/Polymer
Interfaces
Section 2.10.5.1 Metal/Semiconductor (M/SC) Interfaces
The behaviour of a metal/semiconductor interface, commonly known as a Schottky
barrier, is known to be dependent on the work function of the metal, conductivity type,
carrier concentration and the energy gap of the semiconductor [73,74,75,76]. Figure 7
depicts the energy band diagram, charge distribution, and electric field profile in a
metal/p-type semiconductor interface. It may be added that an n-type semiconductor
will also form an analogous barrier with metals.
The magnitude of the electronic barrier depends on the work function of the metal and
the properties of the semiconductor. For a given metal, the barrier height of a
metal/semiconductor interface depends on the doping levels and energy gap of the
semiconductor. In general wider energy gap semiconductors yield higher barriers.
Section 2.10.5.2 Metal/Oxide (Insulator)/ Semiconductor Interfaces
In a metal /oxide/ semiconductor configuration, the metallic surface can also develop a
positively charged dipole layer and thus an active electronic barrier. The physics of the
barrier formation depends on the thickness of the oxide. Structures using oxide
(insulator) thickness ranging from 20 to 100A° are generally known as metal-insulator-
semiconductor structures. These systems behave similarly to the metal-semiconductor
systems. However, the barrier has been found to be larger in metal-insulator-
semiconductor configurations rather than in metal-semiconductor ones [77,78,79]. The
active electronic barrier inhibits the net transfer of electrons from the metal surface to
the oxidising species, resulting in a lower probability of oxidation/corrosion.
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Additionally, the electronic barrier may help in regions having microspores and
pinholes in the semiconductor layer. In these regions, a finite electric field is expected
(as a result of field fringing effects) to retard the transfer of electrons. In practice, there
is likely to always be at least a thin layer of corrosion product, most likely an oxide,
between the metal and the applied conducting polymer coating. Therefore the
metal/oxide/semiconductor model is appropriate.
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Figure 7: (a) Electronic barrier formation at a MS interface, (b) distribution of
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Section 2.10.6 Proposed Mechanism for Corrosion Protection of Conducting
Polymer
Section 2.10.6.1 Proposed Mechanism for Corrosion Protection of Polyaniline on
Carbon Steel
Corrosion protection of polyaniline on carbon steel has been intensely studied using
electrochemical methods [42]. It was experimentally shown (section 8) that merely
electrodepositing a thin layer of the polyaniline could improve the general corrosion
properties of carbon steel. Two types of polyaniline were tested: emeraldine base
(undoped form) and emeraldine salt (doped form).  For the non-conducting emeraldine
base, it merely acted like a physical barrier like paint, which impedes the attack of
corrosive ions. Not only that, it can also act as a chemical barrier to absorb aggressive
ions like chlorides.
As for the emeraldine salt, the mechanism of protection would take the form suggested
by Jain et al. [36]. Carbon steel is highly reactive and a layer of corrosion product
(which may not be passive) would form immediately on exposure to the oxidising
environment, namely: O2, water, etc. In section 4.1.1, a proposed structure for the
passive layer has been suggested and this will be used to illustrate the proposed
corrosion protection mechanism. The proposed model takes the form of the
metal/insulator/semiconductor structure (refer to section 2.10.5.2). Figure 8 depicts the
Schottky barrier and the built-in electric field at the metal/insulator/conducting
polymer interface. An active electronic barrier would be created due to the insulating
layer of iron oxide. This electronic barrier is created as a result of the built-in electric
field produced by the interfacial space charge and hence band bending is introduced.
With the presence of this built-in electric field, a retarding force will be created that
impedes the flow of electrons.
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Figure 8  depicts the (a) postulated energy band diagram and (b) charge density for
the above system (carbon steel and 304L stainless steel ) under steady state conditions.
Another way to visualise the above is that as electrons are being transferred from the
metal through the passive layer, a majority of the electrons would be trapped within the
depletion region (as shown by the band bending). The presence of an energy barrier,
Ea, prevents the trapped electrons from escaping. Hence fewer electrons are
transferred, resulting in a lower probability of oxidation or corrosion. Together with
the traditional passive barrier (refer to section 2.4) as well as the active electronic
barrier can be realised by using conducting polymer coatings.
Section 2.10.6.2 Proposed Mechanism for Corrosion Protection of Polyaniline on
304L Stainless Steel
As with carbon steel the corrosion protection of polyaniline on 304L stainless steel has
also been intensely studied using electrochemical methods. It was experimentally
shown (section 7.1) that electrodeposition of a thin layer of polyaniline could improve
the general corrosion and pitting resistance of stainless steel. Two types of polyaniline
were again tested: emeraldine base (undoped form) and emeraldine salt (doped form).
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The doped form of polyaniline, emeraldine salt, displayed a remarkable pitting and
corrosion protection. The proposed model for the corrosion protection would similarly
take the form of the metal/insulator/semiconductor structure (refer to section 2.10.5.2
for details). The insulating layer would be chromium oxide. Energy barriers, Ea as
depicted above in Figure 8, are observed, indicating the difficulty for the electron from
escaping hence a lower probability of oxidation/corrosion or pitting.
 [80,81].
Section 2.10.6.3 Proposed Mechanism for Corrosion Protection of Copolymer or
Bilayers on Various Substrates
Various types of copolymer and bilayer coatings have been prepared and explored as
protective coatings. All these coatings were conducted in nature and were expected to
behave similarly to their parent polymers, i.e. polyaniline and polypyrrole. The dual
layer coatings would have an electronic barrier built-in between the interface of the
metal substrate and the coating, similar to the one as stated in section 2.10.6.1. In
addition to that, they would also act like physical and chemical barriers.
However, as multiple layers of conducting polymers have been produced, this would
likely give multiple electronic barriers.  A suggested model would either take the form
of metal/insulator/highly doped conducting polymer/lightly doped conducting polymer
or metal/insulator/lightly doped conducting polymer /highly doped conducting
polymer.  That is, the structure differs with the type of conducting polymer being
deposited first. Figure 9 depicts Schottky barriers and the built-in electric fields at
metal/insulator/ lightly doped conducting polymer/highly doped conducting polymer
and at metal/insulator/highly doped conducting polymer/lowly doped conducting
polymer. The construction of the energy band diagram was based on the case for a
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degenerate semiconductor, where NA > Nv (refer to page xix) for highly doped system
and an non degenerate semiconductor NA << NV for lightly doped system. The Fermi
level for nondegenerate system should lies above the valence band and for degenerate
system, Fermi level lies below the valence band [82]. The extent of banding will
depend on the width of the depletion region, which is found to be proportionally to
square root of the barrier height and inversely proportional to the square root of the
acceptor concentration [82]. Similarly, additional electronic barriers could be created
as a result of the two different doping levels of conducting polymers as well as the
interfacial space charges. With the presence of more electronic barriers, the probability
of electron transfer would be significantly reduced and hence corrosion or oxidation
would be retarded.
Figure 9:  Postulated energy band diagram of (a) metal/insulator/highly doped
conducting polymer/lowly doped conducting polymer and (b) metal/insulator/lightly
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All monomers were purified by vacuum distillation prior to use whereas the other
chemicals were of analytical grade and used as received without further purification.
Section 3.2 Polarisation of Metals in Various Electrolytes
Carbon steel and 304L stainless steel rods (1 cm diameter) were coated with epoxy
resin such that only a single cut face was exposed with an area of 0.785 cm2. A copper
wire was attached to each sample using silver epoxy, which was left overnight to set.
The copper wire and silver epoxy were sealed into the end of a glass tube with epoxy
such that again only one face of the sample was exposed.
All the specimens were polished with different grades of emery paper down to 1200
grit and cleaned with distilled water and acetone immediately before any
electrochemical test. The specimens were polarised in a traditional three-electrode
system. Figure 10 [with a 1 cm2 304L stainless steel plate as the counter-electrode and
a saturated calomel reference electrode (SCE)] depicts the equipment and setup for the
testing. The specimens were polarised between  – 500 mV and 1600 mV at a sweep
rate of 20 mV/s, controlled by an ACM Field Machine DSP. The carbon steel was












Figure 10: Electrochemical arrangement.
Specimens were also subjected to galvanostatic polarisation at various applied current
densities as controlled by the ACM Field Machine DSP. Table 1 depicts the applied
current densities for each metal.
Metals Applied Current Density/ mA cm-2
Carbon Steel 0.1 to 1.3
304L Stainless Steel 0.5 to 2.6
Table 1: Applied Current Densities for galvanostatic polarisation.
Section 3.3  Electropolymerisation of Multilayer Polymers
Section 3.3.1 Mixed Coating
A copolymer film was galvanostatically deposited from a mixture of freshly
distilled aniline and pyrrole, both of 0.1 M, in either 0.05M H2SO4 for stainless
steel or 1.0 M oxalic acid for carbon steel. The anodic deposition currents and
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the total charge densities passed were 1.0 mA cm-2 and 3600 mC cm-2 for
stainless steel substrates and 0.5 mA cm-2 and 1800 mC cm-2 on carbon steel.
Section 3.3.2 Pani/ppy Coating
Pani/Ppy coating: A polyaniline film was first galvanostatically deposited from
0.1M freshly distilled aniline in either 0.05M H2SO4 for stainless steel or 1.0 M
oxalic acid for carbon steel.  Thereafter, a polypyrrole film was galvanostatically
deposited over the polyaniline film from 0.1M freshly distilled pyrrole in
acetonitrile and 0.5M LiClO4. For both polymers the anodic deposition currents
and the total charge densities passed were 1.0 mA cm-2 and 3600 mC cm-2 for
stainless steel substrates and 0.5 mA cm-2 and 1800 mC cm-2 on carbon steel.
Section 3.3.3 Ppy/Pani Coating
The procedure and conditions were identical to those for the Pani/Ppy coating,
except that the order in which the polymers were coated was reversed. Hence the
polyaniline film was grown on top of the polypyrrole film.
After deposition, samples were washed with distilled water to remove LiClO4 and then
dried in vacuum for 24 hours. Thereafter the samples were used for electrochemical
testing and surface characterisation.
Chapter 3: Experimental
48
Section 3.4 Galvanostatic Depositions of Emeraldine Salt and Base Coatings on
Carbon Steel Substrates
Two types of polyaniline were galvanostatically deposited on the substrates as follows:
The emeraldine salt coating: The polyaniline films were galvanostatically
deposited from 1.0 M freshly distilled aniline in 0.3 M oxalic acid [1]. The
coated polyaniline was washed with 0.3 M oxalic acid and dried in a vacuum
for ca. 24 hours prior to further use The anodic deposition current and the total
charge density were 0.5 mA cm-2 and 1800 mC cm-2 for carbon steel.
The emeraldine base coating: The polyaniline films were galvanostatically
deposited from 1.0 M freshly distilled aniline in 0.3 M oxalic acid [1]. The
coated polyaniline was washed with 1.0 M KOH for 10 minutes until the colour
transformation from green to blue was complete and then left to soak in
distilled water for another 20 minutes and finally dried in a vacuum for ca. 24
hours prior to further use. The anodic deposition current and the total charge
density were 0.5 mA cm-2 and 1800 mC cm-2 for carbon steel substrates.
After deposition, samples were washed with distilled water to remove LiClO4 and then
dried in a vacuum for 24 hours. Thereafter the samples were used for electrochemical
testing and surface characterisation.
Chapter 3: Experimental
49
Section 3.5 Polyaniline Coating on 304L Stainless Steel
Polyaniline films were deposited onto 304L stainless steel, either chemically or
electrochemically. The chemical procedure was based on that outlined by MacDiarmid
and Epstein [2] and involved placing the stainless steel specimens in a 100 ml solution
of 1M H2SO4 containing 2 vol% aniline and then slowly adding drop-wise, with
stirring, 10 ml of a solution consisting of 1M H2SO4 + 0.5M (NH4)2S2O8. The
polymerisation reaction was allowed to continue for a period of 1 hour. On the other
hand, the electrochemical procedure was galvanostatic deposition at 1.0 mA cm-2 to a
total charge density of 3600 mC cm-2 from a solution of 1 mol dm-3 freshly distilled
aniline in 1M H2SO4 [1].
After deposition both the chemically and electrochemically deposited polyanilines
were rinsed with distilled water and then either washed with 1M H2SO4 (to produce the
emeraldine salt) or 0.5 M KOH followed by distilled water (to form the emeraldine
base). All the samples were dried under a vacuum for 24 hours prior to further use. The
exact procedure for forming the emeraldine base coatings was washing with the
potassium hydroxide until the colour transformation from green to blue was complete
(typically about 1 hour) and then leaving it to soak in distilled water for 20 minutes
prior to the drying. For convenience, the chemically deposited emeraldine salt and base
are referred to CS and CB, respectively, and their electrochemical counterparts as ES
and EB.
Since it has been reported that the base to salt transition for polyanilines is not
completely reversible [3], investigations were conducted into whether the time at
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which the doping process was performed had any influence on a coatings ability to
provide protection against corrosion. That is to say, does an emeraldine base coating
that is protonated after it has been applied to a metals surface provide the same degree
of protection as a coating that was originally cast in the emeraldine salt form?
Therefore some of the chemically produced polyaniline coated specimens were
deprotonated to form the emeraldine base in 0.5M KOH for 24 hours, rinsed with
distilled water and then protonated by immersion in 1M H2SO4 for a further 24 hours
to re-form the emeraldine salt. The samples were finally dried under vacuum for
another 24 hours. These specimens are referred to as chemically redoped emeraldine
salt, or CRS.
Section 3.6 Electrochemical Corrosion Testing.
Section 3.6.1 304L and 316 Stainless Steel
The electrochemical experiments were carried out in 0.028M NaCl (1000 ppm Cl-)
using a traditional three-electrode cell (refer to Figure 18) with a platinum plate
counter-electrode and a saturated calomel reference electrode (SCE) at room
temperature (25°C ±3). The specimens were allowed to stabilise in the solution for 30
minutes prior to the measurement of polarization curve, which was conducted over the
range -700 mV to 1000 mV vs. SCE at a scan rate of 2 mV s-1. The scan direction was
reversed either after a current limit of 6.5 mA cm-2 had been exceeded or at the
positive potential limit of 1000 mV vs. SCE. Each electrochemical experiment was
repeated at least three times, using a fresh coating for each experiment.
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In subsequent analysis of the digitally recorded data, the pitting potential (Ep) was
defined at a sustained anodic current density of at least 0.1 mA cm-2 accompanied by a
hysterisis loop on the reverse cycle. The repassivation potential (ER) was taken as the
point at which the reverse scan current crossed that of the forward scan. Tafel
extrapolations (refer to section 2.9.2 for details) were used to obtain corrosion current
densities, and thus calculate corrosion rates, from the polarisation scans. However, it is
recognised that since these were not steady-state measurements and that some of the
measured current density may have resulted from oxidation of the polymer coating
rather than from corrosion of the underlying metal, this procedure probably led to the
corrosion rates being overestimated. Nevertheless, the values obtained were still useful
for comparing the relative performances of the various types of polymer coatings
tested.
Section 3.6.2 Carbon Steel
The polarisation experiments were carried out in a similar way as for stainless steel
(section 3.6.1), at room temperature (25 °C ± 3) in a 0.028 M (1000 ppm Chloride
ions) aqueous solution, which was made anoxic by continuous bubbling with nitrogen,
and also in air, in a traditional three-electrode system with a platinum plate as the
counter-electrode and a saturated calomel reference electrode (SCE).  The specimens
were allowed to stablise in the solution for 30 minutes prior to polarisation, which was
conducted over the range –1200 mV to 0 mV at a scan rate of 2 mV s-1. The scan
direction was reversed after a current limit of 20 mA cm-2 had been exceeded (This
was determined from initial trial experiment without currents limit). Tafel
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extrapolations were again used to obtain corrosion current densities from the
polarisation scans.
Section 3.7 Scanning Electron Microscopy/Energy Dispersive Spectroscopy
Scanning Electron Microscopy (SEM) is widespread and needs no introduction in the
field of surface science.  Energy Dispersive Spectroscopy (EDX) is useful in the
chemical analysis of the phases observed and qualitative analysis of elements present
can be straightforwardly acquired since each element produces characteristic x-rays
when bombarded by high-energy electrons. Instrumental limitations, however, restrict
the identification of light elements (below carbon). Quantitative analysis is also
possible but it is nontrivial, as it needs standardisation and detailed calculations. EDX
data are collected from a small volume and not just from the surface so signals from
the bulk can interfere with the identification of surface species. The resolution of EDX
is only on the order of one micron while the resolution of SEM topographic features is
to several hundred angstroms.
A Philips XL30 FEG Scanning Electronic Microscopy (SEM) operated at between
5 kV and 10 kV (see individual photographs for exact values) was used to observe the
morphologies of the conducting polymer coatings, before and after the polarisation





Conductivity measurements were made, via a four-point probe, on compressed pellets
(1 cm in diameter) of the polyaniline films after these had been scraped off the surface
of the respective specimens and dried under a vacuum for two hours.
Section 3.9 Thickness and Adhesion Measurements
The thickness and adhesion property was performed using a micro-indentor using a
Rockwell C diamond stylus of tip radius 50 microns. This was operated in a
progressive mode of 0.5 N min-1 over a scratch length of 3 mm at an indentor speed of
0.6 mm min-1.
Section 3.10 Density Measurement of Polymers
The following equation was used to find the density of the substances in pellet form.
ρ1 = ρ0  (A/ P)  3.1
ρ1 = density of tested substance
ρ0 = density of water (or liquid of known density)
    = 0.997 g/ cm3 at 298 K
A = weight in air
P = buoyancy in water
Procedure:
A) Approximately 0.1 g of the dry polymer was weighed and compressed into pellets.
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[The above diagram was adapted from the manual of the Density determination kit
from Mettler instrument Corporation]
B) Arrangement of apparatus:
- A bracket was attached to the weighing pan and clamps were screwed to hold
the bracket in place.
- A bridge was placed across the weighing pan. It was noted that the weighing
pan and bracket did not brush against the bridge.
- A 150ml beaker was placed on the bridge.
- A gem holder was supported at the top of the bracket. The gem holder hung
freely in the center of the beaker without touching.
C) Measurement of the reading:
- Liquid of known density (water was used in this case) was poured into the beaker
before it was placed on the bridge.
1. Weighing Pan
2. Bracket Attached to weighing pan
3. Clamping screws hold bracket in place
4.Bridge placed on balance housing across weighing pan
5.150 Ml beaker placed on bridge





- The gem holder was hung freely at the center of the beaker. It was made sure that
the water level was at least 1 cm above the wire basket.
- The balance was tare to read exactly zero.
- The dry, compressed pellet was placed in the upper cup of the gem holder. The dry
weight (A) was recorded.
- Without removing the pellet, the balance was tare.
- The dry pellet was removed from the upper cup and placed in the wire basket,
which was immersed in the liquid.
- The balance then shows the buoyancy (P) of the pellet.
The density of the pellet was calculated using Equation 3.1 from above.
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Section 4 Characterisation of metal substrates
Section 4.1 Polarisation of Carbon Steel in 1.0 M Oxalic Acid
The electrodeposition of conducting polymers on oxidizable metals like carbon steel is
not easy, since thermodynamic data predict that the metal will corrode before the
electropolymerisation potential of the monomer is reached. Thus to achieve the
deposition of a conducting polymer on carbon steel or other oxidizable metals, it is
necessary to find electrochemical conditions that lead to a partial passivation of the
metal and decrease its dissolution rate without preventing electropolymerisation.
Oxalic acid was chosen because both passivation of iron [1] and deposition of
polypyrrole films [2] have already been achieved in this medium.  Furthermore, oxalic
acid easily allows the low pH required for the growth of polyaniline to be obtained.
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Figure 11: Polarization (v=20 mV/s) of mild steel electrode in 1.0 M aqueous oxalic
acid.
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To have a better understanding of the processes that occur at the polymer coated
electrodes, a carbon steel electrode was first swept between – 500 mV and 1600 mV in
1.0 M oxalic acid (without any monomer) at a sweep rate of 20 mV/s.
As observed in Figure 11 and reported in previous studies [1,2], the behaviour of the
carbon steel was characteristic of a metal being passivated in an acidic solution. The
first positive scan shows an oxidation peak (A). Negative of this peak, the electrode
dissolves in the active state, whilst at more positive potential, passivation occurs
causing the current to fall to low values. This passivation occurred via the precipitation
of a Fe (II) oxalate layer [2], which appeared as an adherent grey deposit on the
electrode. After oxalate passivation, a very small current rises from 500 mV to 600
mV. During the negative reverse scan, a sharp oxidation peak (C) was observed in the
potential range 225 mV to 130 mV. This peak’s magnitude increases when the carbon
steel anodization is made more positive than 1000 mV, especially if the electrode is
kept polarized at the anodic limit [2]. This observation has been previously supported
by coulometry performed by Mengoli et al. [2]. At potentials above 1260 mV, oxygen
evolution occurred (region B), due to the oxidation of the aqueous solution.
Section 4.1.1 Nature of the Carbon Steel Surface after Polarisation
The chemical nature of the carbon steel surface after polarisation in oxalic acid has
been studied intensively under SEM (Figure 12) and EDX (Figure 13). Analysis
showed the possibility of the presence of iron, carbon and oxygen, which would be
likely to be iron (II) oxalate. Camalet et al. [3] has also identified the precipitate
covering the carbon steel’s surface as iron (II) oxalate by XPS.
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Mengoli and Musiani [2] suggested an explanation for the unusual oxidation peak in
the reverse scan of a carbon steel electrode in oxalic acid. After the formation of the Fe
(II) oxalate, the carbon steel electrode achieves a passive state, which is maintained for
some 100 mV above the thermodynamic stability level of Fe (II). However, from 500
mV to 600 mV upwards, processes involving the conversion of the insoluble Fe (II)
oxalate to soluble Fe (III) oxalate and other Fe (III) species probably occur [2]. Since
the current reaches only very low values, conversion of Fe (II) to Fe (III) appears to
take place only at localised spots, in a similar manner to pitting, in which passivating
oxides are deposited. The low current could also attributed to a slow conversion rate of
Fe(II) to Fe(III) oxalate as yet nobody appears to have measured the kinetic of this
reaction. On decreasing the potential during the scan in the cathodic direction, a
potential is reached where the electrode is no longer under anodic protection and there
is a sharp Fe (II) dissolution current followed by a rebuilding of the protective Fe (II)
oxalate layer. This mechanism is supported by the photocurrent response of the iron
electrode surface, which has been reported by Mengoli et al. [2]. In the present work
the data described for the polarisation of carbon steel in 1.0 M oxalic acid were
reproducible in the background used for the polymer coating runs.
From the above proposal and experimental evidence, a simple structure can be
postulated for the film form on carbon steel in oxalic acid (Figure 14). This structure is
an outer porous layer consisting of a precipitate from the anions of the electrolyte and
the metallic cations, and a compact inner layer of metallic oxides responsible for the
passivity of the substrate. Any iron (III) oxide formed will fill the pores created in the
passive layer (Figure 12) and thus the carbon steel electrode becomes passivated by
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(i) Iron (II) oxalate that insulates the steel from the electrolytic medium;
(ii) An iron (III) oxide film in areas where iron (II) oxalate is no longer present.
Figure 12: SEM micrographs of carbon steel polarized in 1.0M oxalic acid.
 
Figure 13: EDX spectra of polarized carbon steel.
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Figure 14: Postulated structure of the film form on carbon steel in oxalic acid.
Table 2 depicts the maximum current density (jpA) and area under the peak, charge
density (QpA) values of peak A recorded during the poteniodynamic polarisation of a
carbon steel electrode in 1.0 M oxalic acid.
Carbon steel 1 M Oxalic acid 1 M Sulphuric acid[3]
Jp/mA cm-2 4 590
QP/mC cm-2 400 7500
Stainless Steel
Jp/mA cm-2 - 7.8
QP/mC cm-2 - 1980
Table 2: Jp and Qp values of peak A recorded during potentiodynamic polarisation of
carbon steel and 304L stainless steel.
Iron(II) oxalates(solid)
ÆIron(III) oxalate(aq)
          Iron oxides (solid)
Iron
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Section 4.2 Polarisation of 304L Stainless Steel in 0.05 M Sulphuric Acid.
A 304L stainless steel electrode was polarised between– 500 mV and 1600 mV at a
sweep rate of 20 mV/s in 0.05 M sulphuric acid (Figure 15). As 304L stainless steel is
not as oxidizable as carbon steel, sulphuric acid could be used, which is the preferred
medium for growing polyaniline films [3].




























Figure 15: Polarisation (v= 20 mV/s) of 304 L stainless steel electrode in 0.05 M
aqueous sulphuric acid.
Figure 15 shows that three electrochemical features were observed on the forward
sweep: an oxidation peak A at –315 mV due to passivation of the stainless steel, an
oxidation wave of the electrolytic medium (peak B) at 1500mV and between 850 to
1500 mV, and another oxidation wave (peak C). During the reverse sweep, an
oxidation current peak C was again seen, although slightly smaller and at a more
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positive potential as compared to the forward sweep. For the next cycles, only peaks B
and C (decreasing in magnitude) were observed; the anodic peak A disappeared after
one cycle. This was attributed to the formation of a coherent passive layer over the
stainless steel electrode after the first anodic polarisation. The unusual feature, Peak C,
was attributed to the formation and subsequent oxidation of H2O2 instead of pitting,
which is unlikely to occur in the presence of sulphate ions [4]
2H2O Æ H2O2 + 2H+ + 2e             (4.1)
Alternatively Peak C could be due to further oxidation of the chromium oxide [5]
Cr2O3  +  4H2O Æ Cr2O72- + 8H+ + 6e   (4.2)
Section 4.2.1 Nature of the 304L Stainless Steel Surface after Polarization
There was no visible sign of damage on the samples after polarisation. Colourisation
was observed, which is due to the formation of a thick passive oxide. The samples
were further investigated under SEM and EDX. Figure 16 depicts the SEM micrograph
of the polarised sample. In addition, EDX confirms the presence of Cr2O3 and Fe2O3
on the polarised surface (Figure 17). The passive layer of 304L stainless steel mainly
consists of Cr2O3 and Fe2O3 with a small amount of NiO. The passive layer of stainless
steel is highly dependent of the environment to which the sample was exposed to. The
ratio of Fe to Cr content in the passive layer will vary with the environment. For
example in an acidic environment, which was the medium used here, more Cr will be
present in the passive layer. The predominate species will be chromium as suggested
by Olsson [5] and also indicated by the results found in the present work.
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Figure 16: SEM micrographs of 304L stainless steel after polarization in 0.05M
H2SO4.
Figure 17: EDX spectra of the polarised stainless steel.
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Figure 18 depicts the proposed structure of stainless steel based upon thermodynamic
feasibility and EDX.
Table 2 depicts the values of jpA and QpA for the peaks in the polarisation of stainless
steel in 0.05M H2SO4. From the table, it can be observed that a higher jpA but lower
QpA are observed for stainless steel than carbon steel in the same media. This can be
attributed to the nature of the metal passive layers on the two metals, the one on
stainless steel being much more protective. One of the most important factors is the
solubility of the layer. For stainless steel in sulphuric acid, passivation is easier as
compared to carbon steel. This is based on the fact that in the presence of sulphuric
acid and absence of chloride, Cr2O3 is less soluble than Fe2O3. This is again supported
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Section 4.3 Summary
Electrochemical characterisations were carried on carbon steel and 304L stainless
steel. Thereafter, the natures of metals’ surface were investigated by means of
microscopy technique after polarisation. With the electrochemical and microscopy
results, a simple structure can be postulated for the oxide film formation on various
metals.
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Section 5 Characterisation of Polymers
Section 5.1 Morphological Examinations
The SEM observations of the polymer coatings revealed that their morphology was not
influenced by the nature of the substrate metal: stainless steel, carbon steel or
Nd2Fe14B. Therefore, only images on stainless steel are presented in this thesis.
Section  5.1.1 Polyaniline
Electrochemically and chemically deposited polyaniline films appeared to have similar
structures, with both the emeraldine salts films having a fibrillar-like structure whilst
the emeraldine bases had a more porous granular morphology (Figures 19-21). These
morphologies are consistent with previously published images [1 -3]. The fibrillar–like
structures normally associated with the emeraldine salt coatings are hard to detect
under low magnification (Figure 19).  However, under a higher magnification (Figure
20), needle-shaped structures can be seen. The length of the needle-shaped polymer
was in the range of 0.2 μm.  For the emeraldine base, a porous structure was observed,
as shown in Figure 21; the polymer had a granular morphology with additional layers
stacking on top, making it very porous and open. The polymer size was in the range of
0.5 μm or smaller.
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Figure 19: SEM micrograph of Emeraldine salt.
Figure 20: SEM micrograph of Emeraldine salt.
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Figure 21: SEM micrograph of Emeraldine base.
Figure 22: SEM micrograph of polypyrrole.
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Section 5.1.2 Polypyrrole
Figure 22 depicts an SEM micrograph of deposited polypyrrole, which shows it has a
granular structure and is closely packed in certain areas on the substrate. However, the
polypyrrole deposition was not homogenous. Although the majority of the area was
covered by the closely packed structure, some parts had a porous membrane-like
structure (Figure 23).
The polymer size of the polypyrrole was within the range of 0.5 μm. However, these
small polymers coagulated to form bigger sized particles with granular like structures
that were in the range of 5μm (Figure 23). The polymer particles were stacked on top
of each other with a significant gap or porosity. This gap means that the packing
density of these polymer particles may not be very high. As a result the porosity level
will be higher and this would jeopardize the corrosion protection of any active metal
substrate.
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Figure 23: SEM micrograph of polypyrrole.
(a)
 Figure 24: SEM micrograph of Ppy/Pani.
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Section 5.1.3  Polypyrrole/Polyaniline Layer
Figure 24 depicts the ppy/pani coating; it appeared as a closely packed continuous
nodular structure of polymer particle sizes in the range of 5 μm.  However, the
fribullar structure of polyaniline could not be observed under such a low
magnification. Figure 25 depicts the coating at a higher magnification and needle-
shape structures of PANI are now observed lying on top of the nodular polypyrrole
structure covering the gaps. This intermixing structure is referred to as a bilayer [4].
Figure 25: SEM micrograph of Ppy/Pani.
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Section 5.1.4  Polyaniline/Polypyrrole Layer
The pani/ppy coating consisted of a continuous spaghetti-like underlayer, similar to
that previously observed for single polyaniline coatings [5], on top of which were a
number of isolated nodular islands that were presumably polypyrrole (Figure 26). As
in the single polyaniline coating, the continuous spaghetti-like underlayer can only be
observed under high magnification. Figure 27, at a higher magnification, depicts the
open structure of this bilayer structure. The polymer particles were in the range of 5
μm and are agglomerated together, with high porosity. This structure is referred as a
copolymer [4].
(c )
 Figure 26: SEM micrograph of Pani/ppy.
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Figure 27: SEM micrograph of Pani/Ppy.
Figure 28: SEM micrograph of mixed polymer.
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Section 5.1.5 Mixed Polymer
The mixed coating (Figure 28) had a continuous close pack structure, similar to that
observed with the ppy/pani coating. At high magnification a needle-shaped structure of
polyaniline can be observed embedded onto the granular structure of the polypyrrole.
The porosity of this structure is low as it is closely packed. The polymer particle sizes
were in the range of 5 μm with the polyaniline and polypyrrole being intermixed.
Therefore, it can conclude that it is a bilayer [4].
Section 5.2 Conductivity Measurements
Conductivity measurements on compressed pellets of various types of polyaniline
(Table 3) revealed that chemically prepared emeraldine salt had conductivity (20 ±3 S
cm-1) almost twice its electrochemically deposited counterpart (ES) (10 ±2 S cm-1).
The two-emeraldine bases had a much lower conductivity than the salts, being virtually
identical with one another (0.0023 ±0.0008 S cm-1). These values are in reasonable
agreement with those already published in the literature [6] (refer to table 3). However,
it is worth noting that the deposited films, or at least the electrochemical salt, were
probably anisotropic as their growth tends to be z-dimensional, and hence their
electrical behaviour would be somewhat different to the compressed pellets used in the
conductivity measurements [7].
The chemically redoped emeraldine salt (CRS) had an average conductivity of 12 ±3 S
cm-1, significantly lower than in its cast state (but still more conductive than the
electrochemically deposited emeraldine salt) reflecting the irreversibility of the doping
/ dedoping process.
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As for polypyrrole, the conductivity of the electrochemical-produced salt was expected
to be less than polyaniline and it had a value of (0.13 ±0.01) S cm-1.  The bilayer
ppy/pani had a conductivity of (0.009 ± 0.002) S cm-1 whilst the copolymer pani/ppy
had a value of (0.008 ± 0.003) S cm-1. These values are again in agreement with those
already published in the literature [6]. For the mixed coatings, the films' adhesion to
the steel surfaces was sufficiently strong that it was not possible to remove an intact
film (there was also not enough to be scraped off and made into a pellet) suitable for
conductivity measurements. Although mixed coatings deposited from organic solutions
have been reported to have low conductivities (0.005 ± 0.0001) S cm-1 [6], there are no
literature values for the deposition from aqueous media used here.
Conductivity (S cm-1) Conductivity (S cm-1)*
Chemical Base (CB) 0.0023 ±0.0008 0.0038




Electrochemical Base (EB) 0.0023 ±0.0008 0.0030
Electrochemical Salt (ES) 10 ±2 -
Polypyrrole 0.13 ± 0.01 0.13
Pani/Ppy 0.008 ± 0.002 0.0046
Ppy/Pani 0.009 ± 0.002 0.0079
Mixed 0.005 ± 0.0001[6] -
Table 3: Measured and literature values for Conductivities of various conducting
polymer. * Conductivities values from published literature [6]
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Section 5.3 Density of Polymers
Polyaniline has an average density of 1.22 g/cm-3 and standard deviation of 0.09 (refer
to Table 4). The compacted pellet did not disintegrate when immersed in water.
Sample A B C D E F G H I
A (g) 0.1024 0.1130 0.1148 0.1205 0.1050 0.1180 0.1079 0.1141 0.1164
P (g) 0.0940 0.0995 0.0820 0.1022 0.0884 0.0885 0.0885 0.0911 0.0944
Density (g/cm-3) 1.086 1.132 1.396 1.176 1.184 1.329 1.216 1.249 1.229
Table 4: Density of polyaniline.
In the case of polypyrrole, a higher pressure was required to press the polypyrrole
pellet. The compacted pellet started disintegrating from the edges when immersed in
water.  Therefore, only three pellets were produced and the average density was found
to be 1.10 g /cm-3 and a standard deviation of 0.10.
Section 5.4 Thickness of Coatings
An estimation of the thickness of the deposited films was made from micro-scratching
tests. The scratching gave an estimation of the depth profile of the coating. Table 5
depicts the magnitude of the thickness of galvanostatically grown films after a specific
growth time of 30 minutes.  Table 5 also presented the theoretical thickness of the
polymer films calculated from the value of the total charge, which passed during
deposition. The theoretical thickness of polyaniline films obtained in sulphuric acid
was calculated based on Lacroix et al.’s [8] findings.  Assuming that the oxidation of
the aniline monomer generates 2 electrons, the density of polyaniline is 1.2 g/cm3
(calculated from the displacement method, please refer to section 5.3). The deposition
of polyaniline has been assumed to be independent of the substrate [6], which is
consistent with the polarisation behaviour shown in section 6.
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Using the following equation
Thickness, d = JtM/nFρ
J= applied current density, ρ= density of polymer, M= molecular weight of monomer
(aniline or pyrrole), n= number of electron required for oxidation of monomer, and t=
time for deposition. The molecular weight of aniline is 93 g/mol, whereas for pyrrole,
it is 67 g/mol. The charge that passed during growth of a 1μm film on platinum has
been previously reported to be 330-mC cm-2 [6].
Using the same assumptions as above except that the deposition medium was in oxalic
acid, and using the same Thickness, d = JtM/nFρ equation, Camalet et al. were able to
determine that a charge of 1 C cm-2 was required to deposit 1 μm of polyaniline on
carbon steel [9].
Last but not least, to determine the thickness for polypyrrole, the same assumptions
were applied. Camalet et al. found that a charge of 40 mC cm-2 was required to deposit
1 μm of polypyrrole on carbon steel [9]. The calculated thicknesses of the polymers
are tabulated in Table 5.
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Table 5: Thickness of polymer coatings with respect to the change of current densities

















0.2 360 0.4 0.36 111
0.4 720 0.8 0.72 111
0.6 1080 1 1.08 93
0.8 1440 1.5 1.44 104
1.0 1800 1.9 1.8 106
Polyaniline Electrode:Stainless steel
0.5 900 2.6 2.72 96
0.8 1440 4.2 4.36 96
1.0 1800 5.6 5.45 103
1.2 2160 6.7 6.55 102












1.0 1800 14 13.1 107
Oxide layer Electrode: Carbon steel
2.55 4590 0.15 - -
Electrode:Stainless steel
2.52 4500 Not detectable - -
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Section 5.4.1 Polyaniline
Section 5.4.1.1 Carbon Steel
From Table 5, it can be observed that there was excellent agreement between the
calculated and measured thickness. The current efficiency (Wi) of polyaniline
formation on carbon steels was therefore very near to 100%. It is therefore also
expected that the thickness of coating is highly dependent on the growth time (for a
given current density). A linear response can be seen from data in Table 5.
Section 5.4.1.2 304L Stainless Steel
The calculated and the measured values are depicted in Table 5. The correlation is
quite good for stainless steel so the current efficiency is close to 100%. Thus,
increasing the current densities at a specific growth time would increase the thickness
of the film.
Section 5.4.2 Polyaniline and Polypyrrole Mixture (Bilayer)
The thickness of the coatings was in the range of microns. To ensure that the
thickness of the coating is uniform and within the desirable range, an optimum current
density of 5.6 mA cm-2 was used for electrodeposition of the mixture polymer coating
onto the substrate. At current densities below the optimum, no deposition was
observed. A uniform deposition thickness is essential for use in corrosion protection.
The current efficiency was about 85%.
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Section 5.4.3 Pani/Ppy Copolymer
As the deposition of the copolymer requires two immediate steps, an estimation of the
thickness can be determined by using the results from the respective polymer
deposition rates. As before, an estimation of the thickness was determined using the
microscratching test. The experimental and calculated values are shown in Table 5. It
can be observed that there is a discrepancy in the experimental thickness with the
calculated one. The current efficiency was only 67%, very low as compared to single
polyaniline deposition.
Section 5.4.4 Ppy/Pani Copolymer
Similarly, the results can be observed in Table 5. The correlation between the
theoretical and calculated is good with current efficiency close to 100%. The resulting
polymer should be a bilayer.
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Section 6 Passive films
Section 6.1 Carbon Steel
Carbon steels electrodes were polarised at various current densities, and the resulting
curves are shown in Figure 29. At a higher applied current density, a shorter induction
period can be observed, as depicted by the negative potential at the beginning of the
polarisation. The induction period is attributed by the active dissolution of iron at
negative potential for 20 to 100s before the potential shifted into the positive direction.
At a much lower applied current density, 1.27 mA/cm2, a long induction period was
observed followed by a positive shift in potential to about 500 mV and then a gradual
increase to 1500 mV. This is attributed to the combination of precipitation of the iron
(II) oxalate layer and the dissolution of iron. The accumulation of the iron (II) oxalate
must proceed up to the limit of solubility until precipitation of a salt layer occurs (Ksp
of iron(II)oxalate = 1.995x10-7 M) [1].; therefore a long induction period is needed
only if it has high solubility.  The Ksp value was below 10-6 M, which meant that
solubility is not high.
The overshoot on the positive plateau can be attributed to the decomposition of oxalic
acid and contamination of the oxalic acid by the iron salts in the course of active
dissolution of the iron [2]. Once precipitation of the salt layer occurs, a constant
positive plateau will be observed.
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Figure 29: Chronopotentiogram of carbon steel at various current densities in 1.0 M
oxalic acid.
To explain the behaviour of galvanostatically (Figure 29) polarised carbon steel in 1.0
M oxalic acid, the passivation model developed in section 2.7 was employed.  Using
the limit:
                                 (Lcrit / B)  >>  [P(Jappl – JL)/ (Jappl)2]
In the case of carbon steel since it was observed that Jappltp was almost constant at high
applied currents. This is consistent with the known behaviour of carbon steel, which
grows thick oxide films prior to passivation.
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To show that the inequality
                                 (Lcrit / B)  >>  [P (Jappl – JL)/ (Jappl)2]
it was more likely at high applied currents for carbon steel values of Jappltp were
calculated and shown to be constant (Table 6).






Table 6: Values of Jappl and Jappltp for carbon steel.(Please take note that the table is
tabulated as current density)

















Figure 30: Jappl  vs. 1/tp for carbon steel.
By plotting Jappl  vs. 1/tp using equation 2.15 (Figure 30),  JL can be determined from
the intercept and the Lcrit  can be calculated from the gradient.  From the Figure 30,
intercept can be determined; intercept = JL = 8.2 μA cm-2 which corresponds to a
corrosion rate for carbon steel of 95 μm per year.
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Assuming the oxide is made up of Fe2O3 only so that the number of electron transfer is
3 and the molecular weight of Fe2O3   = 159.7 g mol-1. As we have defined constant B
as molecular weight of oxide/(no of electrons transfer x Faraday constant x density of
oxide) =  (159.7)/(9.6485 x 104 x 5.2 x 3) = 1.06 x 10-4 cm3C-1.
Using the equation 2.15 and the slope of the Figure 30, Lcrit was found to be equal to
0.23 μm. That is the critical thickness of the oxide film (0.23 μm). The calculated
value is in accordance from experimental scratch test of 0.15 μm (refer to Table 5)
Constant P can be evaluated by inserting the experimental determined JL into equation
2.12:









































)JJappl(  for carbon steel in 1.0 M oxalic
acid.
/(cm2/mA)
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The value of the slope is negative but previously it was mentioned that in the P term,
the term n refers to number of electrons consumed but in the case of polarisation,
electrons are created. Therefore, n should have a negative sign. This will bring the
slope back to a positive value. Slope = 19.65 x 10-6 A2 s cm-4
where D0 = 8.4 x 10-5cm2/s [1], using the above equation and rearrange it to find the
value of Csat*.
Csat*= 2 (slope)1/2/ (3)(96485)(8.4 x10-5)1/2(3.14)1/2 = 1.88  x 10-6 mol cm-3
The calculated solubility of Fe3+ from the proposed model was then 1.88 x 10-6 mol
cm-3. The pH of the 1.0 M oxalic acid was experimentally measured as 1.66.
Combining this value with the equation derived from Pourbaix’s work on the two
components systems [3].
2Fe3+ + 3H2O  Æ  Fe2O3  + 6 H+
Log[Fe3+] =  - 0.72 - 3 pH
It leads to a theoretical solubility of Fe3+ of 2 x 10-6 mol cm-3. There is clearly excellent
agreement between the two solubility values.
Section 6.2 Stainless Steel
Type 304L stainless steel electrodes were polarised at various current densities. The
chronopotentiogram obtained in Figure 32 presented the passivation of stainless steel.
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carbon steel, and the beginning of the polarisation started at a negative potential. From
Figure 32, it can be observed that the higher the applied current density, the induction
period will be shortened and there will also be a significant shift to a much higher
positive potential. This can be attributed to the breakdown of solvent.
Time/s


















Figure 32: Chronopotentiogram of 304L stainless steel at various current densities.
Similarly, the model can also be applied to 304L stainless steel polarised in 0.05M
H2SO4 in the absence of chlorides. Chromium oxides are very insoluble; hence, it is
likely that for stainless steel, Jappl >> JL. Therefore, the more simple relation in





 Figure 33 depicts the plot for tp(Jappl) vs (1/Jappl).
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Figure 33: Jappltp vs. 1/Jappl for 304L stainless steel in 0.05M H2SO4.
Using equation 2.13, the intercept is 4.12 mA cm-2 s and the slope, which yields P, is
51.36 x 10-6 A2s cm-4. The critical film thickness can be calculated using the intercept
of the slope from Figure 33:
Intercept = Lcrit/B
Since 304L stainless steel is made up several elements (74 % Fe, 18 % chromium and
8 % Ni), each of these may contribute to the oxide layer, namely Cr2O3, Fe2O3 and
NiO. Some evidence has been found that no NiO film is present in the passive film of
stainless steel [4]. However, assuming the passive film to be mostly Cr2O3, the same
equation as in section 6.1 can be used to calculate B,
The molar mass of Cr2O3 = 2(52) + 3(16)  = 152 g/mol and
B = 152/( 5.2 x 96485 x 3)=   1 x  10-4   cm3  C-1, n = 3 and D0 = 6 x 10-5 cm2s-1[1].
As the intercept = LCrit/B, Lcrit = Intercept x (B) = 4.12 x 10-3 x  1 x 10-4 x 10-2 =
4.12 x 10-9 m. The Lcrit  for 304L Stainless steel was found to be 4.12 nm.
Using the following equation again, Csat* can be evaluated


























P2C    = { [2 x (51.36 x 10-6 )1/2]/[3 x 96485 x (6 x 10-5)1/2(3.14)1/2]}
   = 3.61 x 10-6 mol cm-3
The pH of the 0.05 M sulphuric acid was experimentally measured as 1.0.
Combining this value with the equation derived from Pourbaix’s work on the two
components systems [3],
2Cr3+ + 3H2O Æ Cr2O3 + 6H+
Log[Cr3+] = 4.6 – 3 pH
leads to a theoretical solubility of Cr3+ of 39.8 mol cm-3.  Such high solubility would
not result in a passive film indicating that the oxide film in sulphuric acid cannot be
simply considered as Cr2O3.   As discussed previously in section 2.2 the composition
of the passive film for a stainless steel substrate is highly dependent on environment
factors like pH, temperatures and etc [4]. Also the passive film changes with the
presence of both chromium and iron in the film (with different ratio). In other words,
both of the metals work in synergy. To further improve the model, more parameters
have to be included such as the exact ratio of chromium to iron in the passive film with
respect to a specific time using insitu technique, and also include both diffusion
parameters of the metals in the above equation.
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Section 6.3 Summary
To help evaluate and investigate the phenomenon of passivation on oxidisable metals
like carbon steel and 304L stainless steel, a theoretical model was proposed based
upon the galvanostatic experimental results. This model was a crude one.  More works
are required to consider more cases and include more parameters to come out with a
better model.
Section 6.4 Passivation Model for Polymeric Coating under Constant Current
Regime
Section 6.4.1 Polyaniline
Section 6.4.1.1 Carbon Steel
Carbon steel electrodes were polarized in the galvanostatic mode at various current
densities between 1.0 and 5.1 mA/cm2.. The resulting chronopotentiogram are shown
in Figure 34.  The curves obtained still present the passivation of the electrode surface
and are similar to those obtained without the addition of aniline.
For all the current densities, the potential went to negative values where it remained
for an induction period prior to its sudden increase to positive values corresponding to
the electrodeposition of the polyaniline. We observed the formation of a dark green
film once the potential stabilized to values around 1500 mV and also diffusion of green
products into the solution.
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On increasing the current density, the induction period decreased and the plateau
potential increased to above 1500mV, suggesting that solvent breakdown was also
occurring, which may have interfered with the polymerisation process. At 1500 mV,
iron oxide is expected to be already present on the surface (see section 6.1) so the
polyaniline film was probably deposited on the iron oxide surface.
To explain the galvanostatically deposited polyaniline (Figure 34) of carbon steel in
1.0 M oxalic acid and 1.0 M aniline, the passivation model developed in section 2.11
was employed.
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Figure 34: Chronopotentiogram of carbon steel in aniline at various current densities
in 1.0 M oxalic acid and 0.1 M aniline.
Again, using the limit imposed for the case of carbon steel, the following equation to
determine the oxide growth prior to passivation is:
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Jappl = Lcrit/Btp  +  JL

















Figure 35: Jappl  vs. 1/tp for carbon steel in aniline.
By plotting Jappl  vs. 1/tp using equation 2.14 (Figure 35),  JL was determined from the
intercept and the Lcrit  was calculated from the gradient.
The intercept, JL = 0.69 mA cm-2, in the presence of aniline, was about 84 times higher
than without aniline. However, this simply is attributed to the presence of polyaniline
being polymerised on carbon steel rather than an increase in the passive corrosion rate.
In the process of growing the oxide layer to a critical thickness, deposition of
polyaniline would occur as soon as the oxide layer grows. And this is attributed to a
high passive current as shown above.
A critical thickness can be obtained from the gradient using a value for B of 1.06 x 10-4
cm3C-1 (see section 6.1). This led to a value of 0.225 μm for Lcrit. This is almost
identical to the 0.23 μm found without aniline. This suggests that in the presence of
aniline it does not interfere with the passivation process; however, this contradicts the
work by Camalet [5].
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Section 6.4.1.2 Stainless Steel
Type 304L stainless steel electrodes were polarized in the galvanostatic mode at
various applied current densities between 0.6 and 1.8 mA/cm2. The
chronopotentiogram obtained still presented the passivation of an electrode surface and
were similar to those obtained without addition of aniline (Figure 36). For all applied
current densities, the potential initially went to a low positive value where it remained
for a period prior to its sudden increase to approximately 1400 mV, where
electrodeposition of the polyaniline is believed to occur. The formation of a dark green
film was observed once the potential stabilised between 1500 mV and 1600 mV, along
with the diffusion of green products into the solution. Except at the lowest current, a
peak in the voltage was observed at the beginning of the electropolymerization.  The
overshoot is due to the polymerisation of the aniline. A higher energy is required to























Figure 36: Chronopotentiogram of 304L stainless steel in aniline at various current
densities.
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Figure 37: Jappltp vs. 1/Jappl for 304L stainless steel in 0.05M H2SO4 in 1.0 M aniline.
Using equation 2.13, the intercept is 0.65 mA cm-2 s and the gradient is
56.458 x 10-6 A2s cm-4. Similarly, the critical film thickness can be calculated using the
intercept and the value of B = 1 x  10-4   cm3C-1(see section 6.2). This led to a value of
0.65 nm for Lcrit.
The critical thickness of the oxide was found to be much lower in the presence of
aniline in the case of 304L stainless steel. This is a good indication that passivation is
greatly enhanced in the presence of aniline, as indicated by the short induction period
as shown in Figure 36.
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Similarly, using the same equation as shown in section 6.2, the Csat* was found to be
0.65 x 10-6 mol cm-3. The result is nearly the same as without aniline (see section 6.2).
However as previously discussed in Section 2.2, the oxides in stainless steel are a
combination of chromium and iron. The ratio of the metals is highly dependent on the
environmental changes. Even though the Csat*, may be the same in both cases, the
chemistry of the passive film could be different. In the presence of aniline, the Lcrit was
found to be much lower. Hence, passivation is enhanced. To further understand how
passivation is enhanced, more studies on the structure of the oxide layer formed on the
passive film on stainless steel would be required to substantiate the explanation.
Section 6.4.2 Polypyrrole
Section 6.4.2.1 Carbon Steel
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Figure 38: Chronopotentiogram of carbon steel in 0.1 M pyrrole and 1.0 M oxalic
acid.
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Polypyrrole films were grown galvanostatically at various applied current densities,
from 1.3 mA  to 5.1 mA/cm2 (Figure 38). As observed, the plots are quite similar from
the one for polyaniline. Please refer to section 6.1 for a detailed explanation.
As in the case of polyaniline, a plot of Jappl  vs. 1/tp is required.

















Figure 39: A plot of of Jappl  vs. 1/tp for carbon steel in pyrrole.
Intercept JL = 0.4873 mAcm-2 corresponds to a steady-state corrosion rate of 5.65 mm
per year. It is about 59 times higher than the system without pyrrole, probably due to
the oxidation of pyrrole. B was calculated as 1.06 x 10-4 cm3C-1 based on section 6.1
and then it was found that Lcrit was equal to 0.15 μm. The critical thickness of the oxide
film is 0.15 μm before passivation can occur, less than without pyrrole or in the
presence of aniline. This suggests that in the presence of pyrrole, passivation of carbon
steel is enhanced. This agrees with the results obtained by Camalet [5]. Therefore, it
can be concluded that pyrrole has a more pronounced effect than aniline.
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Section 6.4.2.2 Stainless Steel
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Figure 40:Chronopotentiogram of 304L stainless steel in 0.1 M pyrrole and 0.05 M
H2SO4.(At 1.3 mA/cm2, passivation was almost instantaneous , indicated by the solid
horizontal line)
In the case of stainless steel in pyrrole, for a range of current of 0.4 to 1.0 mA/cm2, the
induction period, tp, is almost the same, except for 1.3 mA/cm2, whereby the induction
period was too short to be recorded and it immediately jumped to +1500 mV. An
approximate value of Lcrit would be close to 0.65 nm, the same as in the presence of
aniline.
Chapter 6 Passive Films
101
Section 6.5 Summary
It was found that in the presence of aniline, it required 2% to 40% less charges for the
passivation of carbon steel and 304L stainless steel to occur. In comparison, in the
presence of pyrrole, it required only 40% to 60% less charges, for the passivation of
carbon steel and 304L stainless steel.
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Section 7 Polymer Coatings on 304L Stainless Steel
Section 7.1 Corrosion Protection of Polyaniline Films on Stainless Steel
Section 7.1.1 Results
Section 7.1.1.1 Electrochemical Tests
The range of corrosion potentials (Ecorr) displayed by specimens coated by the four
types of polyaniline and bare 304L stainless steel after being immersed in 0.028M
NaCl for 30 minutes are tabulated in Table 7. It can be seen that all the coatings caused
a positive displacement in the corrosion potential, relative to the value of the bare 304L
stainless steel, except for the electrochemically grown emeraldine salt coating (ES),
which caused a negative shift. The reason for unusual behaviour of the electrochemical
salt film can be seen from the cathodic regions of the polarisation diagrams (Figures 41
and 42). These reveal that the kinetics of the supporting cathodic reaction are at least
an order of magnitude slower on this coating than on any of the other specimens. For
all the other polyaniline coatings, the kinetics of the supporting cathodic reaction was
slightly faster (less than a factor of 2) than on the bare stainless steel.
Table 7. Corrosion potentials (Ecorr), measured 30 minutes after immersion along with
the estimated corrosion currents (Icorr) and corrosion rates extrapolated







Bare 304L stainless steel -350 to -380 1.39  (0.5) 15.7 (0.7)
Chemical Base (CB) -235 to -245 0.90 (0.6) 9.89( 0.4)
Chemical Salt (CS) -185 to-205 0.37 (1.2) 4.10 (1.5)
Chemical Redoped Salt (CRS) -200 to -220 0.38 (1.0) 4.32 (1.5)
Electrochemical Base (EB) -140 to -160 0.70 (1.5) 7.98 (0.5)
Electrochemical Salt (ES) -340 to -370 0.33 (0.8) 3.66 (0.1)
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Figure 41.  Polarisation curves of 304L stainless steel with and without emeraldine
base coatings in 0.028M NaCl, (B) bare 304L, (EB) electrochemically
coated and (CB) chemically coated.
(Tafel extrapolations of the cathodic sides were used to obtain corrosion current
densities, and thus calculate corrosion rates, from the polarisation scans. However, it
is recognised that since these were not steady-state measurements and that some of the
measured current density may have resulted from oxidation of the polymer coating
rather than from corrosion of the underlying metal, this procedure probably led to the
corrosion rates being overestimated)
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Figure 42. Polarisation curves of 304L stainless steel with and without emeraldine
salt coatings in 0.028M NaCl, (B) bare 304L, (ES) electrochemically
coated, (CS) chemically coated and (CRS) a chemically redoped
coating.
Figures 41 and 42 show polarisation scans for specimens coated with emeraldine base
or emeraldine salt and exposed to solutions of 0.028M NaCl, respectively. A curve for
bare 304L stainless steel in the same solution has also been presented in each of these
figures for comparative purposes. The average corrosion current densities (Icorr) (with
standard deviations given in brackets) for the various types of specimen, as determined
from Tafel extrapolations of the polarisation plots, are shown in Table 7. The average
pitting (Ep) and repassivation (ER) potentials abstracted from polarisation curves using
Potential/mV (wrt SCE)
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a linear current density axis (Figure 43 and 44), along with the approximate charge
density passed from the onset of pitting to repassivation and these are shown in
Table 10.
Potential/ mV (wrt SCE)






















Figure 43.  Polarisation curves of 304L stainless steel with and without emeraldine
base coatings in 0.028M NaCl, (B) bare 304L, (EB) electrochemically
coated and (CB) chemically coated with current density recorded
linearly.


























Figure 44. Polarisation curves of 304L stainless steel with and without emeraldine
salt coatings in 0.028M NaCl, (B) bare 304L, (ES) electrochemically
coated, (CS) chemically coated and (CRS) a chemically redoped coating
with current density recorded linearly.
Table 8. Pitting potentials (Ep), repassivation potentials (ER) and the charge passed







Bare 304L stainless steel 364 (7) 94 (11) 2.4
Chemical Base (CB) 411 (5) 76 (9) 1.1
Chemical Salt (CS) No pitting - -
Chemical Redoped Salt (CRS) 490 (4) -11 (5) 1.7
Electrochemical Base (EB) 426 (4) -95 (2) 1.8
Electrochemical Salt (ES) 839 (2) 6 (3) 1.3
Bare 316 L 480 - -
Chapter 7 Polymer coatings on 304L Stainless steel
108
It can be seen from Table 7 that relative to the bare stainless steel all the coatings
caused the corrosion current density to decrease by amounts that varied between 35%
and 75%. The best protection was provided by the electrochemically deposited
emeraldine salt (ES), consistent with the slower kinetics of the supporting cathodic
reaction as noted above, closely followed by the chemically cast emeraldine salt (CS)
and its redoped counterpart (CRS). Finally, the two emeraldine base coatings both
performed poorly. Although general corrosion rates were calculated from the corrosion
current density values, it needs to be recognised that some of the corrosion current was
probably due to the conductive nature of the polymer coatings such that the values
displayed in Table 7 are likely to overestimate the true penetration rates [1, 2].
With regards to the pitting corrosion, the polarisation curves revealed that the
specimen chemically coated by the emeraldine salt (CS) did not pit within the potential
limits of the experiment. Extending the anodic limit resulted in an oxygen evolution
that caused the 6.5 mA cm-2 current limit to be exceeded prior to the onset of pitting. It
was thus concluded that the pitting potential for the CS films was positive of 1200 mV
vs. SCE. The next highest pitting potential was displayed by specimens with the
electrochemically deposited emeraldine salt (ES) coatings. At ca.840 mV vs. SCE, this
was more than 450 mV positive of the value of ca.365 mV vs. SCE, which determined
for bare 304L stainless steel. These huge displacements indicate that the CS and ES
coatings were very efficient at inhibiting pitting of the stainless steel.
The chemically redoped emeraldine salt (CRS) coating had a pitting potential of ca.490
mV vs. SCE, which, although not anywhere near as good as its cast emeraldine salt
film counterpart, still represents good protection to the stainless steel. The pitting
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potentials recorded from specimens coated by the emeraldine bases were only slightly
positive of that recorded on the bare stainless steel (ca. 410 mV ca.425 mV vs. SCE for
the CB and EB coatings, respectively) and thus these films provided only marginal
protection.
With respect to pit repassivation all the coated specimens had ER values negative of
that recorded on the bare stainless steel (ca. 94 mV vs. SCE), indicating that it was
harder to repassivate the pits underneath the coatings (Table 8). There was also an
unexpectedly large difference in the repassivation potentials of the samples coated by
the two emeraldine bases. The value at the chemically deposited film (CB) was almost
the same as for the bare stainless steel (ca. 76 mV vs. SCE), whilst repassivation at its
electrochemical counterpart (EB) did not occur until some 170 mV more negative (ca.
-96 mV vs. SCE). The difference between the repassivation potentials of the two forms
of emeraldine salt that showed pitting was much smaller (ES +6 mV vs. SCE: CRS
-11 mV vs. SCE). Inspection of Table 8 also reveals that amongst the coated
specimens there was a correlation between ER and the approximate charge density
passed between the times of pit initiation and pit repassivation.
Furthermore, careful examination of the current densities flowing during the reverse
scans (that is after pit initiation) in the region positive to the repassivation potential
revealed that after pit initiation the dissolution rates from the specimen coated by the
polyaniline films were usually smaller than that of the bare specimen. This indicates
that either fewer pits initiated or the pit growth rates were lower on the coated
specimens. The exception was the set of samples coated by the electrochemically
deposited emeraldine base (EB), which displayed higher current densities after pit
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initiation than the bare stainless steel. This suggests higher pit growth rates under this
coating possibly indicated a lower pH on the occluded pit solution. Although Table 8
shows that the total charge density passed during the lifetime of active pitting under
the EB coating was smaller than with the bare stainless steel, this probably reflects the
fact that the EB polarisation scans were reversed at lower potentials than for all the
other specimens.  This was due to the higher pit growth rate causing the set current
limit of 6.5 mA cm-2 to be exceeded earlier than with the other coatings.
Section 7.1.1.2 Morphological and Electrical Examinations
The morphology and the electrical properties of the coatings prior to corrosion testing
have already been discussed in section 5.1 and 5.2, respectively.
Figure 45:.SEM micrograph of a bare 304L stainless steel specimen taken immediately
after the completion of the polarisation scan.
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                                       (a) (b)
                        (c) (d)
 Figure 46. SEM micrographs of the coatings taken immediately after the
corrosion tests: (a) Electrochemically deposited emeraldine salt (ES);
(b) Chemically deposited emeraldine salt (CS); (c) Chemically redoped
emeraldine salt (CRS); (d) Electrochemically deposited emeraldine
base (EB); and (e) Chemically deposited emeraldine base (CB).
(e)
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The various types of coating, as well as a bare stainless steel specimen, were also
examined under the SEM immediately after corrosion testing. The bare stainless steel
specimens showed a number of pits of various diameters between 1 µm and 20 µm,
each of which showed the typical lacy covers that have previously been observed by
other authors (Figure 45) [3, 4]. The electrochemically deposited emeraldine salt (ES)
showed fewer pits than the bare stainless steel, with the majority of the surface being
unaffected by the corrosion test. Again the pits appeared to have lacy covers
(Figure 46a).  No pits were observed with the chemically deposited emeraldine salt
(CS), which is consistent with its polarisation curve (Figure 46b). However, the
chemically redoped emeraldine salt (CRS) had a number of open pits (no lacy covers)
on its surface (Figure 46c).
Pits were not visible on either of the two emeraldine base covered specimens, even
though the polarisation curves suggested pitting corrosion. Although the
electrochemically deposited emeraldine base (EB) was clearly cracked (Figure 46d),
its chemically deposited counterpart (CB) appeared, on the top surface at least, to be
unaffected by the corrosion test (Figure 46e). It is worth noting that none of the
coatings, bases or salts showed any signs of peeling from their substrates. The strong
adherence of the films was further supported by the fact that polarising in the
hydrogen evolution region (-1.0V vs. SCE held for 10 mins), also did not cause the
films to become detached from the stainless steel. However, this is not a true
delamination test, which requires coatings to be negatively polarised for several days,
the coating being damaged by the high pH that locally develops at the surface under
these conditions.
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(a) (b)
                                   (c) (d)
Figure 47. SEM micrographs of the stainless steel substrates after the removal of
the polymer coatings at the end of the corrosion tests: (a)
Electrochemically deposited emeraldine salt (ES); (b) Chemically
deposited emeraldine salt (CS); (c) Chemically redoped emeraldine
salt (CRS); (d) Electrochemically deposited emeraldine base (EB); and
(e) Chemically deposited emeraldine base (CB).
(e)
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Physically scraping the polyaniline films of the electrodes' surfaces with a spatula did
reveal the presence of pits on all the specimens except for the ones coated by the CS,
entirely consistent with the earlier polarisation scans (Figure 47). The observation of
pits on the specimens electrochemically (Figure 47d) and chemically (Figure 47e)
coated by the emeraldine base, which had not shown any physical evidence of pitting
prior to removal of the coatings, brings the physical evidence in-line with the
electrochemical evidence obtained from the polarisation curves. However, in all cases
far fewer pits were observed on the coated samples than on the bare stainless steel
control specimens.
The pits that developed beneath the polyaniline films all had open structures,
including those on the samples previously coated by the electrochemically deposited
emeraldine salt (ES) that had appeared to have a lacy cover prior to removal of the
coating (cf. Figures 46a and 47a). It is also possible to see corrosion products at the
base of the pits that developed beneath the coatings, except for the chemically
deposited emeraldine base (CB), in the SEM photographs. This suggests that these
may be shallower than the pits on the bare stainless steel, the bases of which were
sufficiently deep to prevent them from being brought into focus under the SEM
(Figure 45). The pits on the specimens with the CB coating (Figure 47e) appeared to
be both smaller in diameter (ca. 2 µm) and deeper (as it is difficult to see the base of
the pits in their SEM images) than those pits on the other samples (diameters
ca. 20 µm to 50 µm). Some salt crystallisation was also observed in the pits on the
specimens previously covered by the emeraldine salts (Figures 47a and 47c), which
was determined to be predominately an iron chloride by EDX analysis. This contrasts
to the material at the base of the pits of samples previously covered by the
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electrochemical emeraldine base (Figure 47d), that appeared to be mainly carbon
based, suggesting that it was from degraded polymer.
SECTION 7.1.2 DISCUSSION
Section 7.1.2.1 General Uniform Corrosion
All the polyaniline coatings reduced the general corrosion rate compared to the bare
stainless steel (Table 7). Comparing the data in Table 7 with that in Table 9 suggests
that conductivity is an important parameter in regards to reducing the general uniform
corrosion rate. It can be observed that coatings CB and EB with the lowest
conductivity generally presented a high Icorr, whereas coatings CS, CRS and ES with
high conductivity had a low Icorr. The data in Table 7 also show that the extent by
which the emeraldine bases coatings reduced the general corrosion of the stainless
steel was found to be virtually independent of the method of application. However,
this was not the case with their more effective salt counterparts, of which the
electrochemically deposited coating (ES) gave the best protection.
Table 9. Conductivities of compressed pellets formed from the various types of
polyaniline films deposited.
Conductivity (S cm-1)
Chemical Base (CB) 0.0023 ±0.0008
Chemical Salt (CS) 20 ±3
Chemical Redoped Salt (CRS) 12 ±3
Electrochemical Base (EB) 0.0023 ±0.0008
Electrochemical Salt (ES) 10 ±2
Table 7 also shows that all the polyaniline coatings reduced the corrosion rate of the
bare stainless steel and, with the exception of the ES film, caused positive
displacements in corrosion potential. The phenomenon of increasing corrosion
potentials, coupled to decreased corrosion rates, is commonly observed with passive
metals, and it is the basis of anodic protection techniques since a positive shift
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encourages the passive oxide film to thicken. In the present case this suggests that the
polyaniline either acts as an oxidising agent, in a similar manner to an anodic
inhibitor, or improves the kinetics of the supporting cathodic reaction (presumably to
reduction of dissolved oxygen). Close inspection of Figures 41 and 42 reveals that
these coatings did indeed increase the rate of the cathodic reaction, or be it only by
about a factor of 2.
On the other hand, the electrochemically deposited emeraldine salt (ES) coating
caused a negative displacement in the corrosion potential, but reduced the general
corrosion rate of the stainless steel by a factor of about 5. The reason for both these
phenomena can be seen from Figure 42. This shows that the kinetics of the cathodic
supporting reaction were at least an order of magnitude slower on the specimens
coated with the electrochemically deposited emeraldine salt than on any of the other
specimens, including the bare stainless steel. This behaviour is consistent with the
dense coating observed under the SEM (Figure 46a), which could act as an efficient
barrier between the metal and its environment, and with the high purity expected in
coatings deposited electrochemically.
Section 7.1.2.2 Pitting Corrosion
With respect to the prevention of pitting corrosion the performance of the emeraldine
salt coatings on 304L stainless steel were better than, or in the case of the CRS films
comparable to the more expensive molybdenum containing 316L stainless steel,
which was found to pit at 480 mV vs SCE in the same 0.028M NaCl solutions.
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The two emeraldine base coatings did not give as much protection against pitting
corrosion as their salt counterparts, reflecting the more porous morphology and lower
conductivity of these films. In addition, as with protection against general corrosion,
the ability of the base coatings to protect against pit initiation appeared to be virtually
independent of the method of application, possibly reflecting their lack of electrical
conductivity. However, once a pit has initiated the electrochemically deposited (EB)
films cracked leading to rapid propagation rates (even more rapid than with the bare
stainless steel), penetration rates on the chemically coated (CB) specimens were much
lower.
With respect to the emeraldine salts, the polarisation curves and Tables 7 and 8
indicate that the chemically deposited (CS) film displayed a more superior
performance than its electrochemical counterpart (ES). However, 304L stainless steel
coated by the latter (ES) still resulted in a pitting potential almost 300 mV positive to
the value one might expect for the more expensive 316L stainless steel. The superior
pitting resistance of chemically deposited emeraldine salt (CS) is consistent with its
higher electrical conductivity, which allows it to act as both an electrical as well as a
physical barrier, as discussed by Jain et al. [5].
In contrast the chemically redoped emeraldine salt (CRS) film had a much lower
pitting resistance than both its standard chemically deposited (CS) and
electrochemically deposited (ES) counterparts. Examination under the SEM suggested
that the two types of chemically deposited films (CS and CRS) had very similar
morphologies, suggesting that the poor performance of the CRS film relates to its
lower electrical conductivity (Table 9). However, the CRS film was still electrically
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more conductive than its electrochemical (ES) counterpart, yet the pitting resistance
of the former was considerably less than the latter. Therefore it is clear that electrical
conductivity is not the sole parameter that controls pitting resistance. Generally,
electrochemical deposition yields a polymer that is of higher purity as well as more
homogenous and adherent than its chemically deposited counterparts. It is likely that
it is these factors that outweigh the slightly lower conductivity of the ES coating
compared to its CRS counterpart, causing the former to have a higher pitting
resistance.
The repassivation potentials for all the coatings were more negative than the value on
bare stainless steel (Table 8). Furthermore, the charge passed due to pit growth was
less with the coatings than on the bare stainless steel, meaning that either fewer pits or
shallower pits developed in the former cases. Together these two factors indicate that
it would be harder to stop propagation of a pit under a coating than for a similarly
sized one in bare substrate.
Once a pit has initiated the rate at which it will grow it depends on the rate that charge
species migrate through the mouth of the pit (i.e., the magnitude of the iR drop) and
the level of acidity that develops within its occluded cell [6]. The presence of a
polymer coating would separate the pit and bulk solutions and therefore allow greater
acidity to develop in the pits, which should favour higher growth rates. But at the
same time the coating will restrict the migration of charge species, which should
lower the pit growth rate. Which of these two opposing effects dominates in practice
will depend on the porosity and adherence of the coating.
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In practice it was found that the pits under most of the polymer coatings appeared to
have lower growth rates (based on lower current densities being recorded after pit
initiation) than ones formed on the bare stainless steel, indicating that the restriction in
the migration of charge species was the dominating process. However, all the coated
specimens displayed repassivation potentials that were more negative to that observed
on the bare stainless steel, suggesting that the occluded cells in the former were more
acidic due to the polymer films preventing mixing with the bulk solution. A similar
situation has been previously presented by Newman et al [4] who have shown that the
addition of inhibitors that stabilise the lacy covers on stainless steel delayed the onset
of pitting and slowed the pit growth rates, but at the same time stabilised the pits that
were initiated [3, 7]. The iron chloride crystals observed at the base of the pits below
the emeraldine salt coatings (Figures 47a and 47c) are consistent with repassivation
resulting from an increase in the pH within the pit’s occluded cell [3].
The slowest pit growth rates and the most positive repassivation potentials, but also
the most negative pitting potential (except for the bare stainless steel), were all
displayed by pits beneath the chemically deposited emeraldine base (CB) coating. In
addition, after the corrosion tests, examination of this film under the SEM revealed no
physical evidence of the pits beneath--that is neither cracks nor penetration holes
(Figure 46e). Furthermore, Figure 47e shows that once the coating was removed the
pits in this case had much smaller diameters (ca. 2 µm) than with any of the other
specimens (>10 µm). This behaviour appears to be consistent with the observations of
Wen and Kocherginsky [8], who showed that chemically caste emeraldine base films
were virtually impermeable to inorganic ions but still selective to protons, whereas
emeraldine salt films were found to be permeable to both anions and protons.
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In contrast to the apparent slow growth rate of pits under the CB coating, the
electrochemically deposited emeraldine base (EB) was both the only coating that
indicated higher pit growth rates than the bare stainless steel and also had by far the
most negative repassivation potential. These two factors suggest that the environment
within the pits below the EB coating was very acidic and that the pit growth rate was
not restricted by ion migration. Imaging this EB coating under the SEM revealed that
not only did it appear to have the most porous morphology, it also cracked during the
corrosion tests (Figure 46d), features that may have aided ion migration. Furthermore,
on removing the polymer coatings, the pits below the electrochemically deposited
emeraldine base coating were found to contain a large amount of degraded polymer
(or at least carbon based residue). This material may also have helped maintain the
acid environment within the pit without impeding ion migration. The possible reasons
why the electrochemical base (EB) coating should be much more prone to cracking
than its chemical counterpart (CB) is the subject of ongoing investigations.
With respect to protection against pitting corrosion, it appears that conductivity is the
most important parameter, whereas for general uniform corrosion it is the morphology
of the physical barrier that seems the dominate factor. These influences were
particularly clear in the comparison between the two types of chemically deposited
emeraldine salt (CS and CRS) films, which had similar morphologies but different
conductivities. These two types of films reduced the general uniform corrosion rate by
similar amounts, but had vastly different pitting potentials.
It was found that not only did the emeraldine salt films provide excellent protection
towards 304L stainless steel against pitting initiation (usually superior to that offered
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by 316L stainless steel), but also greatly reduced the rate at which active pits
propagated. This was postulated to be due to the restricted ion mass transport through
the film. However, this advantage was partly offset by the more negative
repassivation potentials observed with the coated specimens than the bare stainless
steel, probably due to the more isolated environment expected for pit beneath a
coating, which may make any water treatments designed to re-induce passivation less
effective.
It had been expected that the higher purity and more compact morphology expected
from electrochemical deposition would produce the best films. For general uniform
corrosion this was indeed the case, with the ES film causing a dramatic reduction in
the kinetics of the supporting cathodic reaction, thus leading a lower corrosion rate.
However, with respect to pitting corrosion, the higher conductivity of the chemically
deposited (CS) films led to these, giving a higher degree of protection than their
electrochemical counterparts. This is an encouraging result since chemical deposition
is likely to prove the more economically viable method of application. However, the
difference in performance between the two different types of chemically deposited
emeraldine salt films used (CS and CRS) underlines the importance of ensuring that
the chosen method of applications results in the coatings having the highest possible
conductivity. In practice, since the doping / dedoping process is not completely
reversible, this is likely to mean that the polyaniline coating should be applied in the
conducting emeraldine salt rather than as the emeraldine base form with subsequent
protonation to provide the conductivity. However, as yet it is not clear which form of
polyaniline is the most suitable for long-term storage prior to application.
Chapter 7 Polymer coatings on 304L Stainless steel
122
Although the present results indicate that conducting polymer films can provide
excellent protection to stainless steel against pitting corrosion, it is not yet clear how
long this protection would last in the field.  Long-term exposure to the environment
can be expected to lead to leaching of protons from the polymers, which would lead to
a drop in conductivity and thus possibly to a loss of protection. In part it may be
possible to reduce this phenomenon by the application of a top-coating paint layer.
Section 7.1.3 Summary
Although all the forms of polyaniline coatings were able to provide some degree of
corrosion protection to the 304L stainless steel, it is clear that the performance of the
emeraldine salt films were far superior to their base counterparts. This is in-line with
both the more compact morphology and the higher conductivity of the former, which
allows the film to act as an electronic as well as a physical barrier.
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Section 7.2 Corrosion Protection of Multilayer Polyaniline and Polypyrrole Film
on Stainless Steel.
Section 7.2.1 Results and Discussion
Section 7.2.1.1 Electrochemical Characterisation of Coatings on 304L Stainless
Steel.
Figures 48 and 49 show polarisation curves for the three types of coated 304L
stainless steel, as well as a bare substrate, exposed to an anoxic 0.028M NaCl solution
(1000 ppm Cl-) on linear and logarithmic current scales, respectively. The corrosion
potentials, corrosion current, the calculated general corrosion rates, pitting potentials
and the repassivation potentials extracted from these curves are all tabulated in Table
10. The ppy/pani coating caused an extremely large positive displacement of 750 mV
in the corrosion potential, relative to the value for the bare stainless steel, and reduced
the general corrosion rate of the stainless steel by a factor of about 2000. This
suggests that this coating encouraged the development of a more stable passive film,
perhaps in a manner akin to anodic protection.
Table 10: Corrosion potential (Ecorr), passivation potential (EP), repassivation
potential (ER), corrosion current density ( Icorr) and corrosion rate for the various
coatings as evaluated from the polarisation curves of 304 stainless steel. Standard
deviations for each of the parameters are given in brackets.
ECorr\ mV EP \mV ER \mV *Icorr \ µA cm-2 Corrosion rate
\ µm yr-1
Bare 304L -350 to -380 324.5 (40) 165.5 (20) 1.65  (0.07) 17.6 (0.7)
Ppy/Pani 320 to 370 No pitting - 8.85 (0.41) x 10-4 1.05 (0.04) x 10-2
Pani/Ppy -80 to -90 642.0 (1.5) 15.3   (1.5) 18.0 (0.91) 200 (1.0)
Mixed -160 to -150 494.5 (1.1) 226.8 (1.5) 3.23 (0.12) 34.9 ( 0.1)
316 L - 480 - - -
*The Icorr value may contain contributions from the oxidation of the conducting
polymer coatings.
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 Figure 48. Polarisation curves for (1) bare, (2) Ppy/Pani coated, (3) Pani/Ppy
coated and (4) mixed coated 304L stainless steel in 0.028 M NaCl. Scan rate 2 mV/s.
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Figure 49. As Figure 48, except now the current density has been recorded
linearly.
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However, the pani/ppy and the mixed coatings did not appear to be as successful at
controlling the general corrosion rate of the stainless steel. Despite displacing the
corrosion potential in the positive direction by more than 200 mV, these two coatings
led to higher corrosion current densities. This indicates that the positive shifts in the
corrosion potentials were due to increased kinetics for the supporting cathodic
reaction and that the coatings encouraged bimetallic corrosion of the substrate rather
than its passivation. However, Table 10 indicates that the general corrosion rate of
stainless steel with a pani/ppy coating in 0.028M NaCl was 200 µm yr-1. Such a value
is unrealistically high, even after allowing for the fact that the measurements were not
a true steady state, especially as the polarisation curves revealed an extensive passive
region (Figure 49). An alternative source for the increased corrosion current density is
that it is due to the oxidation of the polymer coating (rather than corrosion of the
substrate), as suggested by Santos et al. during their work on single polymer films [2].
However, oxidation of the polymer coating might be expected to result in severe
drifting in the open circuit corrosion potential, which was not observed in the present
work where the corrosion potentials were found to be stable to within a few tens of
millivolts after about 10 minutes of immersion.
Substantial positive shifts in the pitting potential, as compared to the bare stainless
steel, were recorded with all the conducting polymer coatings, with average values of
324mV, 494mV, 642mV, >1000mV vs. SCE being recorded for the bare, mixed
pani/ppy and ppy/pani coatings, respectively. The polarisation scans were very
reproducible with the measured parameters only varying by a few millivolts, as
evident by the small standard deviations in the values reported in Table 10. The
performance of the pani/ppy coating on 304L stainless steel was thus comparable with
more resistant (and more expensive) molybdenum containing 316L stainless steel,
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which was found to pit in 0.028M NaCl at 480mV vs SCE. The stainless steel
specimens coated with the ppy/pani coating performed even better, as these did not pit
even at the anodic limit of the experiment (1000 mV vs. SCE). Earlier work by Santos
et al. [2] showed no improvements in the pitting potential when 304L stainless steel
was painted with a single polyaniline coating [3]. This suggests that the multipolymer
coatings may be better chemical barriers, trapping chloride and thus preventing it
from attacking the stainless steel substrate. Alternatively, the improved pitting
resistance could be due to a second electronic barrier (akin to a Schottky barrier)
developing at the polypyrrole / polyaniline interface. However, such a barrier would
not be expected to have formed on the mixed coating, which had both polymers
deposited simultaneously; yet this still gave much better protection against pitting
corrosion than single polymer coatings.
Careful examination of Figures 48 and 49, in particular the portion of the curves
corresponding to the reverse scan between 300mV and 900mV, reveals that even after
pits had initiated the metal dissolution rate was markedly lower from the coated
specimens than from the bare stainless steel. Therefore, the coatings either retarded
the development of aggressive conditions within the pit, or dramatically reduced the
number of pits occurring on the stainless steel.
The potential at which a pit dies, or repassivates, usually depends on the chemistry
occurring within the pits, and although this should vary with the composition of the
stainless steel, it should be independent of any external coating. It has also been
reported that for alloy 825 and 316L stainless steel, the pitting potential is
independent of the extent of prior pitting [9].  The observation that the repassivation
potential varied with the different coatings was thus somewhat unexpected. A possible
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explanation for this is that the coatings remained intact over the pits isolating these
from the bulk solution, thus retarding the build-up of aggressive ions [10]. The degree
of isolation should be a function of the film's porosity and thus would vary with the
composition of the coating. Hence pits beneath the porous pani/ppy coating could
have developed a lower pH and thus required a more negative potential to induce
repassivation than their counterparts beneath the more compact mixed coating. The
observation that the repassivation potential was more negative with the pani/ppy film
than on the bare 304L stainless steel can be explained by reference to the work of
Newman et al. [7]. These authors have shown that the addition of inhibitors that
stabilise the lacy covers, which are often found over pits in stainless steel, delay the
onset of pitting and slow pit growth rates. However, at the same time, because the
lacy covers prevent the mixing of the occluded cell with the bulk solution, the pits are
stabilised.
In summary, the relative corrosion protection offered to stainless steel by
combinations of different conducting polymers is highly dependent on both the
methods used and order in which the coatings are applied.  The ppy/pani coating
provided excellent protection to both localised and general corrosion of 304L stainless
steel, whereas the pani/ppy and mixed coatings provided only moderate protection
against localised corrosion. Nevertheless, the performances of all of the polyaniline /
polypyrrole combination coatings were all superior to that previously reported for a
single polyaniline coating [3].
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Section 7.2.1.2 Adherence of Polymer Coatings
Table 11: Critical forces for delamination (Lc) of the polymer coatings, as measured
 by the Rockwell scratch test. Standard deviations for each of the parameters are
 given in brackets.
Substrate Coating Lc \ N
Carbon steel Ppy/Pani 1.2 (0.02)
Carbon steel Pani/Ppy 1.1 (0.02)
Carbon steel Mixed 1.5 (0.10)
Carbon steel Pani 1.7 (0.08)
304L stainless steel Ppy/Pani 2.1 (0.08)
304L stainless steel Pani/Ppy 1.8 (0.02)
304L stainless steel Mixed 1.9 (0.01)
304L stainless steel Pani only 2.0 (0.01)
Carbon steel [10] Paint 5.0
Table 11 summaries the critical forces for delamination (Lc) of the polymer coatings,
as measured by the Rockwell scratch test. It can be seen that the Lc values for all the
coatings were typically less than 2N, indicating that their adhesion was considerably
less than commercial paint films, which typically have Lc values of 5N [10],
suggesting that the polymers were unlikely to be efficient physical barriers.
Furthermore, for any giving substrate, the variation between the relative adhesions of
the three different types of coating was only of the order of 0.2N. In addition, the
adhesive strength of the copolymer coatings to stainless steel was approximately the
same as that of a single polyaniline film; yet the later provides substantially less
protection against corrosion [3]. Overall the scratch tests suggest that the difference in
corrosion protection provided by the coatings was more a function of their chemical
and electronic properties than of their physical nature. Nevertheless, the adhesion of
the coatings were higher on the stainless steel than on the carbon steel, which seems
to be consistent with the better corrosion protection provided to the former substrate.
In actual fact, there is no direct correlation between adhesion and corrosion
protection, although of course a coating must stay attached to the surface to remain
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effective. It is one of the parameter essential for corrosion protection. In addition, the
relative order of the polymer coatings adhesion to carbon steel is identical to that of
their ability to reduce general corrosion. Likewise the strongest adhered film on the
stainless steel was the ppy/pani coating that also provided the best corrosion
protection during the electrochemical experiments.
Section 7.2.1.3 Morphological Examination of Coatings
The ppy/pani coating appeared as a closely packed continuous nodular structure
(Figure 50a), consistent both with its ability to product stainless steel from pitting
corrosion and with the high conductivity previously reported for similar films grown
on platinum (44 mS cm-1) [11].  Whereas the pani/ppy coating consisted of a
continuous spaghetti-like underlayer, similar to that previously observed for single
polyaniline coatings [12], on top of this were a number of isolated nodular islands of
what was presumably polypyrrole (Figure 50c). Such an open structure is consistent
both with the electrochemical experiments that demonstrated that this film provided
the least protection from corrosion and with the low conductivity previous report for
pani/ppy films on platinum (8 mS cm-1) [12]. Finally, the mixed coating (Figure 50e)
again had a continuous close pack structure, similar to that observed with the ppy/pani
coating. This structure is again consistent with good corrosion protection behaviour
determined in the electrochemical experiments. Unfortunately there are no
conductivity values available for mixed coating, which was grown from an aqueous
medium rather than the organic medium used by previous authors. Furthermore, the
films' adhesion to the steel surfaces was sufficiently strong that it was not possible to
remove an intact film suitable for conductivity measurements. However, mixed
coatings deposited from organic solutions have been reported to have low
conductivities (5 mS cm-1) [12].
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(f)
Figure 50 SEM micrographs of conducting polymer coatings before: (a)
Ppy/Pani, (c) Pani/Ppy, (e) mixed; and after: (b) Ppy/Pani, (d) Pani/Ppy, (f) mixed;
corrosion testing.
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The closed packed structures observed with the ppy/pani and mixed coatings are
completely different from the more open structures previously reported for single
polyaniline or polypyrrole films [13]. Such dense adherent films would enable the
dual conducting polymer coatings to act as physical, chemical diffusion and electronic
barriers. This explains why these coatings provided better protection against pitting
corrosion than the more open-structured single polyaniline films, despite the latter
having been reported to have the highest conductivity (520 mS cm-1) [12].
Figures 50b, 50d and 50f show SEM photographs of the various polymer coatings
taking after the completion of the potentiodynamic polarisation tests, and it can be
seen that no apparent changes had occurred. Visual inspection revealed no cracks in
the films and in no situation did the coatings peel off from the stainless steel
substrates. This is consistent with the electrochemical data reported above that
suggested that pitting occurred in the stainless steel specimens underneath intact in the
polymer films, thus retarding the rate at which aggressive conditions develop inside
the pits and at the same time preventing mixing of the occluded cell and bulk
solutions. Physically scraping coatings and visibly inspecting the stainless steel
surfaces confirmed that a pits had initiated underneath the pani/ppy and mixed
coatings, although fewer than on the bare stainless steel, whereas no corrosion
damage was visible beneath the ppy/pani coating.
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Section 7.2.2 Summary
Three different combinations of polyaniline and polypyrrole have been successfully
coated onto both carbon steel and 304L stainless steel. The morphology of the various
coatings appeared to be independent of the nature of the underlying metal. However,
the strength of the adhesion of the multipolymer coatings and their ability to provide
corrosion protection appeared to be substrate specific. In the case of carbon steel the
performance of these multilayered coatings on carbon steel were not sufficiently
better than for single polyaniline coatings to justify their more complicated deposition
procedures.
However, in the case of stainless steel, the new multilayered coatings proved to be
significantly better than previously reported with single polyaniline coatings,
especially at protecting against pitting corrosion. This may be due to the multipolymer
coatings acting as better chemical barriers, trapping chloride and thus preventing it
from attacking the stainless steel substrate. The degree of protection, as well as the
morphology of the coating, strongly depended on the order in which the two
conducting polymers were coated. By far the best performance was achieved by
depositing a polypyrrole underlayer and a polyaniline top layer (ppy/pani), which both
completely eliminated pitting and reduced the corrosion rate by about a factor of
2000. This coating had a closed packed morphology, suitable for acting as both
physical and chemical diffusion barriers, and was believed to be the most conductive
and hence able to provide the best electronic barrier. Likewise this ppy/pani coating
also had the strongest adhesion to the stainless steel substrate, although only by about
0.2N and the strength of its adhesion was less than half the value of a typical paint
film. Overall this suggests that the ability of a conducting polymer film to act as
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electronic and chemical diffusion barriers are more important in providing corrosion
protection than its ability to act as a physical barrier.
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Section 8 Polymer coatings on Carbon Steel
Section 8.1 Corrosion Protection of Polyaniline Films on Carbon Steel
Polyaniline films are known to be good corrosion inhibitors [1]. The aim of this work
was to access the applicability of electrochemically deposited polyaniline films on
carbon steel, treated in a manner such that either the emeraldine salt (doped), coating
ES, or the emeraldine base (undoped), coating EB forms, were obtained for use in
inhibiting corrosion.
(Tafel extrapolation were used to obtain corrosion current densities, and thus
calculate corrosion rates, from the polarisation scans. However, it is recognised that
since these were not steady-state measurements and that some of the measured current
density may have resulted from oxidation of the polymer coating rather than from
corrosion of the underlying metal, this procedure probably led to the corrosion rates
being overestimated)
Section 8.1.1 Results and Discussion
Section 8.1.1.2 Electrochemical Characterisation of Polyaniline Film on Carbon
Steel.
Ecorr/mV Icorr/ μ A cm-2
Bare carbon steel  (aerated)





Coating EB             (aerated)





Coating ES             (aerated)





Table 12: Corrosion potential (Ecorr) and corrosion current density (Icorr) for the
 various coatings as evaluated from the polarisation curves of carbon steel. Standard
deviations for each of the parameters are given in brackets.
Figures 51 and 52 depict anodic polarisations diagrams of uncoated and emeraldine
coated carbon steel in aerated and deoxygenated solution of 0.028 M (1000 ppm) NaCl
solution. Table 12 also depicts the corrosion potentials (Ecorr) and the corrosion current
densities (Icorr) as evaluated from Figure 51. Again the values of Icorr were taken by
Tafel fitting at the cathodic side of the curve. There is a clear distinction that the
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coatings caused a positive displacement of corrosion potential and also an increase in
corrosion current density. It can also be observed that there is no passivation effect for
the coated samples.  Coating ES presented behaviour, which was similar to that of the
substrate, even though at the end of the test the polymer coating looked intact and
adherent under the optical microscope. This is believed to be due to the conductive
nature of the polyaniline.  Coating EB suggests a higher intrinsic corrosion resistance
in comparison with coating ES; hence it would provide better corrosion protection to
the substrate, as the coating is non–conductive. It simply acts as a physical barrier like
paints.
 




























Figure 51: Anodic polarisation curves for (a) bare carbon steel substrate, (b)
emeraldine base (EB) and (c) emeraldine salt (ES), in an aerated solution of 0.028m
NaCl.  Sweep rate = 2 mV s-1
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Figure 52: Anodic polarisation curves for (a) bare carbon steel substrate, (b)
emeraldine salt (ES) and (c) emeraldine base (EB), in an deoxygenated solution of
0.028m NaCl. Sweep rate = 2 mV s-1
From the analysis of the polarisation curve (Figure 51), the corrosion resistance was
enhanced slightly for the coated substrate but not to a great extent. The coating
influences the electrochemical measurable quantities like dissolution current in the
active range and the passive current. For both the coatings, the corrosion current
density was much higher than the substrate in aerated solution, whereas in
deoxygenated environment, Figure 52, coating EB registered a lower corrosion current
density. On the other hand, coating ES registered a higher current density in both
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mediums. (The current densities were again evaluated by Tafel extrapolation at the
cathodic side of the polarisation curve, the anodic curve of the bare carbon steel
showed evidence of passivation, which reduced its current density in the region of –
700mV). The gain in corrosion potential was more distinct in aerated medium for
coating ES, which is approximately 200 mV more positive than the substrate. Such
change in potential values could be attributed to:
(a)  oxidation of the species, which crosses the pores of the polymeric layer and forms
a layer of passivated material stopping the progress of the corrosion;
(b) the  formation of a passivated Fe (II) oxalate layer, hence stopping the progress of
the corrosion;
(c) the range of potential in which the sweep is performed is closed to the reduction
potential of the polymer.
By the observation of the curves in Figure 51 and subsequent optical observation, one
can observe that there is a strong adherence of the polymer on the substrate and the
film was not removed from the surface when subjected to hydrogen evolution at  –1.5
V for 30 minutes. It is suggested that the mechanism for the strong adherence of the
polymer on the sample surface is due to the formation of both a π → d back bonding to
the substrate [2], as well as the formation of the charged quaternary ammonium ion.
The formation of this kind of ion is more accentuated in an acidic medium where one
can expect the occurrence of protonic doping of the polymer.  This is supported by the
emeraldine salt coatings on carbon steel, which exhibits higher corrosion current than
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the emeraldine base coatings. Another possible mechanism could be due to the
coordinative nature of polyaniline, which can be considered as a chelating agent. It can
be coordinately bonded to the metal centre of Fe. This would result in strong adherence
onto the metal surface with a low porosity of the polymer film, as observed under the
SEM as observed previously [3].
The polarisation curves also correspond to the substrate covered with polyaniline
presenting a smaller current and a shape that indicated the inhibition of O2 diffusion
through the polymer [4]. As a result, distinctive features can be observed: the absence
of the passivation effect, although in actual fact, passivation has already occurred when
the polymer is coated onto the surface. Passivation of the carbon steel was found to be
greatly accelerated in oxalic medium leading to the formation of Fe (II) oxalate layer
and then the deposition of the polyaniline film [5]. This will lead to a strongly adherent
film with a controlled thickness.
Section 8.1.1.3 Morphological Examination of Coatings
The SEM observations of the polymer coatings revealed that their morphology was not
influenced by the nature of the substrate metal and appeared identical to those found
on stainless steel reported in section 7 .The various types of coating were also
examined under the SEM immediately after corrosion testing, as had been the case on
stainless steel reported in section 7.
Chapter 8 Polymer Coatings on Carbon Steel
142
Section 8.1.1.4 Electrical Properties
Table 13. Conductivities of compressed pellets formed from the various types of
polyaniline films deposited.
Conductivity (S cm-1)
Chemical Base (CB) 0.0023 ± 0.0008
Chemical Salt (CS) 20 ± 3
Electrochemical Base (EB) 0.0023 ± 0.0008
Electrochemical Salt (ES) 10 ± 2
The conductivity measurements on compressed pellets of the various types of
polyaniline on carbon steel are shown in Table 13. The conductivities are similar to
those polyaniline films, which were deposited on 304L stainless steel (Table 9). The
electrochemically deposited salt (ES) had a value of (10 ± 2 S cm-1). The emeraldine
base had a much lower conductivity in the range of (0.0023 ±0.0008 S cm-1). These
values are in reasonable agreement with those already published in the literature [6].
However, it is worth noting that the deposited films, or at least the electrochemical salt,
were probably anisotropic and hence their electrical behaviour would be somewhat
different to the compressed pellets used in the conductivity measurements [7]. The
importance of conductivity on the ability of conducting polymers to provide protection
against corrosion has previously been addressed by Jain et al. [8].
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Section 8.2 Corrosion Protection of Multilayered Polyaniline and Polypyrrole
Films on Carbon Steel
Section 8.2.1 Results and Discussion
Section 8.2.1.2 Electrochemical Characterisation of Coatings on Carbon Steel
Anodic polarisation curves for the three types of coated carbon steel specimens, as
well as for a bare substrate control specimen exposed to an anoxic solution of 0.028M
NaCl, are displayed in Figure 53. The corrosion potentials, corrosion current densities
and corrosion rates abstracted from these curves are shown in Table 14. Although all
the coatings caused small (<100mV) positive shifts in the corrosion potential, as
compared to the bare carbon steel, the Tafel extrapolations revealed that only the
mixed coating gave a reduction in the general corrosion rate. Both the pani/ppy and
ppy/pani coatings caused the corrosion current density to increase, probably as a result
of improved kinetics of the supporting cathodic reaction, which is likely to be either
reduction of water or dissolved oxygen. The polarisation curves also show that these
two coatings failed to encourage any passivation of the carbon steel substrate. The
absence of passivation with the pani/ppy coating was particularly surprising since a
passive layer of Fe (II) oxalate has previously been reported to form on carbon steel
when coating polyaniline from oxalic acid [5], which was the first step in the
deposition process for this bilayer. The absence of passivation along with the positive
shifts in the corrosion potential suggests that the pani/ppy and ppy/pani accelerated the
corrosion of the carbon steel in a manor akin to bimetallic corrosion.
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Figure 53: Polarisation curves for (a) bare, (b) ppy/pani coated, (c) pani/ppy coated
and (d) mixed coated carbon steel in 0.028 M NaCl. Scan rate 2 mV
Table 14: Corrosion potential (Ecorr), corrosion current density (Icorr) and corrosion
rate for the various coatings as evaluated from the polarisation curves of
carbon steel. Standard deviations for each of the parameters are given in
brackets.
ECorr\ mV Icorr \ µA cm-2 Corrosion rate  \ µm yr-1
Bare Carbon Steel -960 to –970 36.0 (0.6) 416 (7)
Ppy/Pani -860 to –870 36.0 (1.2) 415 (14)
Pani/Ppy -920 to –970 61.1 (0.5) 707 (40)
Mixed -890 to -900 20.2 (0.5) 234 (6)
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The mixed coating did reduce the general corrosion rate of the carbon steel substrate,
although only by about 30%. This coating also encouraged passivation giving rise to
lower currents in the so-called passive region than observed with the bare steel. This
suggests that this coating is able to provide protection to carbon steel in a manner akin
to anodic protection or anodic inhibitors. However, Figure 53 also shows that the
mixed coating caused negative shifts in both the pitting potential and the repassivation
potential, indicating a reduced resistance to pitting corrosion. This may have been due
to a localised increase in the chloride concentration, or a decrease in the local pH at the
coating/substrate interface.  Overall the behaviour of all three dual polymer coatings
was similar to that previously reported for single polyaniline coatings in the
conducting (emeraldine salt) film reported by Santos et al. [3]. Hence it was concluded
that for carbon steel, the multipolymer layers did not provide sufficient additional
protection compared to single polymer layers to justify their more complicated
deposition procedures.
Section 8.2.1.3 Adherence of Polymer Coatings
Table 11 summaries the critical forces for delamination (Lc) of the polymer coatings,
as measured by the Rockwell scratch test. It can be seen that the Lc values for all the
coatings were typically less than 2N, indicating that their adhesion was considerably
less than commercial paint films, which typically have Lc values of 5N [9], suggesting
that the polymers were unlikely to be efficient physical barriers. The adhesion on
carbon steel was marginally less than on stainless steel. Furthermore, for both carbon
steel and stainless steel substrates, the variation between the relative adhesions of the
three different types of coating was only of the order of 0.3 N. Overall the scratch tests
suggest that the difference in corrosion protection provided by the coatings was more a
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function of their chemical and electronic properties than of their physical nature. In
addition, the relative order of the polymer coatings adhesion to carbon steel is identical
to that of their ability to reduce general corrosion.
Section 8.2.1.4 Morphological Examination of Coatings
The observations have been depicted in section 7.2.1.3 under stainless steel. The
results evaluated were based on the fact the electrodeposition of the polymers is
independent of substrates as shown previously [5].
Section 8.2.1.5 Summary
The polyaniline coatings presented a good adherence to the carbon steel, though not as
strong as commercial paints. The influence of the conducting emeraldine salts seems to
be that it promotes a change in the corrosion potential to more positive values for
carbon steel and at the same time increases the corrosion current, in both aerated and
deoxygenated environment.  The effect of the corrosion potential may be due to the
formation of a passivated layer, namely Fe (II) oxalate, which blocks the corrosion
progress when the potential sweep is carried out near the reduction potential of the
polymer. The observations presented above suggest the capability of polyaniline to
protect carbon steel against corrosion in an aqueous solution of NaCl in the presence
and absence of dissolved oxygen. The performance of these multilayered coatings on
carbon steel was not sufficiently better than for single polyaniline coatings to justify
their more complicated deposition procedures.
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Chapter 9: Conclusion
Conducting Polymers of various types were electrodeposited onto carbon steel and
304L Stainless Steel. Electrochemical and environmental means were employed to
access its applicably towards corrosion protection. Below depicts the results:
• To explain the behaviour galvanostatically deposited polyaniline of carbon
steel in 1.0 M oxalic acid and 1.0 M aniline, a passivation model, based on the
Sand equation, was employed. Again, using the limit imposed for the case of
carbon steel, the following equation to determine the oxide growth prior to
passivation is:
Jappl = Lcrit/Btp +  JL
In addition to that, the passivation model is also valid for 304L stainless steel.
• It was found that in the presence of aniline, it required 2% to 40% less charges
for the passivation of carbon steel and 304L stainless steel to occur. In
comparison, in the presence of pyrrole, it required only 40% to 60% less
charges, for the passivation of carbon steel and 304L stainless steel.
• While all the forms of polyaniline coatings were able to provide some degree
of corrosion protection to the 304L stainless steel, it is clear that the
performance of the emeraldine salt films were far better to their base
counterparts. This is in-line with both the more compressed morphology and
the higher conductivity of the former, which allows the film to act as an
electronic as well as a physical blockade.
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With respect to protection against pitting corrosion it appears that conductivity
is the most important parameter, whereas for general uniform corrosion it is the
morphology of the physical barrier that seems the dominate factor. These
influences were particularly clear in the comparison between the two types of
chemically deposited emeraldine salt (CS & CRS) films, which had similar
morphologies but different conductivities. These two types of films reduced the
general uniform corrosion rate by similar amounts, but had vastly different
pitting potentials.
• It was found that not only did the emeraldine salt films provide excellent
protection towards 304L stainless steel against pitting initiation (usually
superior to that offered by 316L stainless steel), but also greatly reduced the
rate at which active pits propagated. This was postulated to be due to the
restricted ion mass transport through the film. However, this advantage was
partly offset by the more negative repassivation potentials observed with the
coated specimens than the bare stainless steel, probably due to the more
isolated environment expected for pit beneath a coating, which may make any
water treatments designed to re-induce passivation less effective.
It had been expected that the higher purity and more compact morphology
expected from electrochemical deposition would produce the best films. For
general uniform corrosion this was indeed the case, with the ES film causing a
dramatic reduction in the kinetics of the supporting cathodic reaction thus
leading a lower corrosion rate. However, with respect to pitting corrosion the
higher conductivity of the chemically deposited (CS) films led to these giving a
higher degree of protection than their electrochemical counterparts. This is an
Chapter 9: Conclusion and Future Work
151
encouraging result, since chemical deposition is likely to prove the more
economically viable method of application. However, the difference in
performance between the two different types of chemically deposited
emeraldine salt films used (CS & CRS) underlines the importance of ensuring
that the chosen method of applications results in the coatings having the highest
possible conductivity. In practice, since the doping / dedoping process is not
completely reversible, this is likely to mean that the polyaniline coating should
be applied in the conducting emeraldine salt rather than as the emeraldine base
form with subsequent protonation to provide the conductivity. However, as yet
it is not clear which form of polyaniline is the most suitable for long-term
storage prior to application.
• Three different combinations of polyaniline and polypyrrole have been
successfully coated onto both carbon steel and 304L stainless steel. The
morphology of the various coatings appeared to be independent of the nature of
the underlying metal. However, the strength of the adhesion of the multi-
polymer coatings and their ability to provide corrosion protection appeared to
be substrate specific. In the case of carbon steel the performance of these
multilayered coatings on carbon steel were not sufficiently better than for
single polyaniline coatings to justify their more complicated deposition
procedures. Nevertheless, in the case of stainless steel, the new multilayered
coatings proved to be significantly better than previously reported with single
polyaniline coatings, especially at protecting against pitting corrosion. This
may be due to the multi-polymer coatings acting as better chemical barriers,
trapping chloride and thus preventing it from attacking the stainless steel
substrate. The degree of protection, as well as the morphology of the coating,
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strongly depended on the order in which the two conducting polymers were
coated. By far the best performance was achieved by depositing a polypyrrole
under layer and a polyaniline top layer (ppy/pani), which both completely
eliminated pitting and reduced the corrosion rate by about a factor of 2000.
This coating had a closed packed morphology, suitable for acting as both
physical and chemical diffusion barriers, and was believed to be the most
conductive and hence able to provide the best electronic barrier. Likewise this
ppy/pani coating also had the strongest adhesion to the stainless steel substrate,
although only by about 0.2N and the strength of its adhesion was less than half
the value of a typical paint film. Overall this suggests that the ability of a
conducting polymer film to act as electronic and chemical diffusion barriers are
more important in providing corrosion protection than its ability to act as a
physical barrier.
• The polyaniline coatings presented a good adherence to the carbon steel,
though not as strong as commercial paints. The action of the emeraldine salts
seems to be by promoting a change of the corrosion potential to more positive
values for carbon steel and also an increase in corrosion current, in aerated and
deoxygenated environment, due to the fact that the coating is conductive.  The
effect of the corrosion potential may be due to the formation of a passivated
layer, namely Fe (II) oxalate, which blocks the corrosion progress when the
potential sweep is carried out near the reduction potential of the polymer. The
observations presented above suggest the capability of polyaniline to protect
carbon steel against corrosion in an aqueous solution of NaCl in the presence
and absence of dissolved oxygen. The performance of these multilayered
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coatings on carbon steel was not sufficiently better than for single polyaniline
coatings to justify their more complicated deposition procedures.
As seen from above, conducting polymer coatings can provide physical and chemical
barriers to the corrosive species in a similar manner to traditional paint coatings.
However, conducting polymers have an additional advantage in that their conducting
nature creates a built-in electronic barrier between the interfaces of the coating with the
metal substrates that further impedes the flow of electrons to the oxidising
environment. This triple mechanism offers an improvement to the corrosion protection
to 304L stainless steel and carbon steel
In addition, the electrodeposition of conducting polymers on oxidizable metals would
be a cheap alternative treatment since it could take advantage of the electrodeposition
baths already used in industry and could reduce the overall pollution. This process
presents several advantages. Owing to the conductive properties of the material, thick
layers can be generated in a short time and can constitute a physical barrier towards
corrosive reagents. Furthermore, as these polymers carry polar groups or can be doped
with specific anions, they may act as inhibitors and shift the potential of the coated
material to a value where the rate of corrosion of the underlying metal is reduced.
Furthermore, to minimise environment impact the conducting polymer coatings can be
realised in an aqueous electrochemical bath.
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Future Work
• Durability studies of the conducting polymers coatings.
• Extend the electro-deposition of the conducting polymer coatings to a more
diversify range of metals.
• Application of a top-coat paint layer onto the conducting polymer coatings.
• Formulate new primer and topcoat for conducting polymer coatings.
• Evaluate the conducting polymer coatings on a larger scale coupon.
• Perform XPS to study the thickness and composition of the passive films form
beneath the polymer coatings.
